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Introduction

The study of the transport properties of fused salt systems
may be expected to produce information about the structure of fused
salts in equilibrium and about the mechanisms of motion. It is of
interest per se, for the help it presumably can give in broadening
our view of fused salts, for the possibilities it offers of suggesting
new approaches to the study of concentrated electrolytic solutions
and finally because it offers an opportunity for the critical testing
of concepts and theories of transport properties in general.

In this chapter, the hydrodynamic equations of motion of
liquid electrolytes will be discussed, identifying each of the trans-
port parameters and the experiments used to study them. The general
nature of experimental results will be described and then a detailed
discussion of specific results and their implications for particular
systems will be presented later. The chapter concludes here with
some observations about possible molecular mechanisms of transport.

It must be noted at the outset that the study of transport
proparties is a variety of kineties and therefore is subject to certain
limitations. Thus, it is necessary to consider the meaning of any
experiment in the light of mechanisms postulated for the process.
Xinetic studies cannot in any sense prove the correctness of a pro-
posed mechanism. Rather, it is to be expected that some alternative
mechanisms can be definitely ruled out and that the compatability of
the proposed mechanism with the facts may be demonstrated.

An important difference between classical chemical kinetics



and the study of transport processes lies in the nature of the models.
In our present state of understanding of transport processes in ionic
liquids, no detailed mechanisms of movement have been put forward.
Indeed, we probably do not yet even have a language to describe properly
such motion. The demands made on current theories of transport in
liquid systems to rationalize experimental facts provides one of the
most important reasons for obtaining such experimental results. We
begin with the phenomenological (non-mechanistic) description of
transport properties, which is well advanced, before discussing
molecular mechanisms.

I. Phenomenological Treatment

A. Hydrodynamic Equations

A complete macroscopic description of moving fluid is
embodied in the hydrodynamic equation of motion together with four
accessory equations. The thermal equation of state, p = p(V,T)
and the caloric equation of state, E = E(V,T) describe equilibrium
properties, The equation of continuity expresses the conservation
of matter and the equation of energy balance the conservation of energy.
The equation of motion itself is an expression of Newton’s Second Law,
F = d(momentum)/dt. The solution of the hydrodynamic equation of motion
of a system for particular initial and boundary conditions gives the
velocity of the system at every point and at every instant. The
correct form of this equation must be determined in each given case.
(It is possible to enumerate all the terms which may--but not necessarily
do-- occur in the equation by dimensional analysis),

In the study of the transport properties of liquid electro-

lytes we wish to treat a situation where the experimenter has at his



disposal the parameters pressure, state of shear, external electric

field, composition and temperature. The first three are purely mechanical

in nature and may readily be described in a force equation. However,

the appropriate forces to be associated with composition and thermal

gradients must be identified in another way. The methods of non-

equilibrium statistical mechanics may be used to relate the forces to

microscopic mechanical variables, systematic experimentation might

be employed to obtain empirical expressions of the forces, or the

so-called"thermodynamics of irreversible processes® might be used

to express the forces in terms of gradients of thermodynamic variables.
The development of the set of equations describing the trans-

port behavior of fluids has been discussed by a number of authors,

e.g. Leaf (1946), Prigogine (1947, 1952), Kirkwood and Crawford (1952)

and Fitts (1962). Assuming that continuocus local thermodynamic

functions may be defined, the following set of equations may be

obtainea
M - dp/at = -7 - g, 4 g s (44, /4t)
- a 2
pavidr = x+ V. 7
A
asrac = Prr- V- g

where

@3]

(2)
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diffusion current density in moles cm™®

y:y= number of formula weights of i produced in reactiom k

A. = progress variable of reaction k

;. = sxvernal force on a formula weight of species i

g =_external férce density = chiii in force cm~S

7" = srress tensor in force cm—2

5 T entropy density

f§ = dissipation furction

jg = entropy current !lensity

(Concentrations, forces, etc. per unit mass are often used in order *
o simplify some of the equations. Basing quantities on equivalent
weights is apt to be more convenient for chemists.) These express
respectively (1) the change in the amount cf speciey 1 irn a volume
element as the sum of the amount enterihg (or leaving) and that producec

(orldesffnyé!) bﬁ féaction; (2) the net mass times acceleration of the

-

inca' center of qgravity as the sum of the forcas; and {3 the rate of
ent:repy change as the sum of that produced internally and that lost

cor gaineds by flow.



It is then necessary to postulate specific forms for the
stress tensor 3- and the dissipation function § .
The forces acting on the surface of a given volume element

in the fluid are

-l
F= fa.an (4)
A

P
where n is the outwardly directed normal at dA and J’is the stress



3
tensor. For example, the xy component of ¢ is the x component of
the force exerted on a surface element normal to the y direction.
One third of the sum of the diagonal components (the normal stresses)

is the negative of the hydrostatic pressure.

pz.,%.(a;o‘q-d’yy-wa;z) (S)

The off-diagonal terms represent shearing stresses, The total force

and the total torque vanish for a volume element moving with uniform
velocity in a Galiliean frame of reference. FProm this, it may be

shown by a phenomenological argument (e.g. Sommerfeld, 1950) that the
stress tensor ¢/ must be symmetric, i.e. (ij = J;i' An empidcal
expression often used (e.g. Fitts, 1962) for the stress tensor of an iso-
tropic fluid is

(“oby

3’=[2/3 (7~p)$’~\7+p3‘1‘§ 29 (6)

where
47 = coefficient of shear viscosity
P = coefficient of bulk viscosity

-

; 4
E=sym®W, i.e. gij = .‘l./2(bvj.6x:l +dy i/)xj

A liquid correctly described by this stress tensor is said to display
Newtonian flow. The terms comprising the entropy continuity equation
(Eq. 3) may be decomposed as follows:

Jg = /T +f::1 Jisi o (7

where 'a is the heat flux and 'Si the partial molal entropy of species i.



The dissipation function § is the sum of a number of quantities deal-

ing in turn with viscous flow, chanica;l reactions, diffusion and heat
Lot wbivik Lovmby

flow and is defined to be the/]mte per unit volume of internal production of

entropy. + 2

P = (0 + pl): Vv - (ZAp, )d4, /dt ~;:_1 J, *Vply - VINT (8)

- >, »
Vol V4 + B,V m T Vin T (9)

1
by

3
[N

s
pb

That is, \';Tﬁ;. represents the isothermal part of the gradient of the
chemical potential including the effect of external forces. For
example, if there is an electrical field of local strength E = ~-Vy/,
then the force ;i on an ion of valence z; and hence molar charge
zi%s z iﬁd V. Thus in this case 7. 4 Would be the electrochemical
potential. Since

-

AM > B Y - > - -
{.v 3= ZVh g+ fi_vy a = ziqui "y -E- I (10)

where 'f is the electrical current density: the .Joule heat is auto-
matically included in §.

The contribution - i(ciAFk)dAk/dt represents the effect of
chemical reactions. In an eiectrochemieal system a heterogensous
reaction takes place at the interface between the electrodes and
electrolyte at a rate given by A 7. .f/nl-‘. A being the electrode area,
'CVD ¢ i the rate at which current enters a unit volume of electrolyte
and n bedmg the number of electrons transferred in the reaction as
written. The free energy decrease per Faraday of positive electricity

passed from electrode ) to electrode 2 through the external circuit is



7,

>
AR5 4 9y g+ Gvpmy + SvpepfspTdsmd

where & o is the equilibrium potential (zero for identical electrodes)
';1,72 the respective overpotentials (negative by convention for an
anodic process); § vl,é'v2 the volume changes at the electrodes per
Faraday, for the equatiox}&as written and & 81,582 the entropy changes
at the electrodes. If homogeneous reactions occur in addition, they
may be represented by further terms. For a reversible isothermal iso-
baric electrolysis between identical electrodes, the entire expression
v%ni]‘%zetmw\ ("'Me—ku-éu ea calions

The dissipation funct:lon may ge thought of as being a sum of
products of two sorts of terms. On the one hand, Ve j’ Ji:; q and d), /at are
fluxes of various quantities and on the other hand (o’ + pl),v 'p”’l’
PAPR, Vln T are forcfs. (In this context the‘tem force has only
symbolic significance. Ih general it does not meaﬁ Newtonian forces.)
Then § has the form

N .
$ = 1§1 I (12

K

Aot d X, &/4——/ e (onyed ga &l //muw_/
where Ji is a generic symbol for fluxes of various kinda\ The fluxes
and forces may 430 be expressed by noting that the entropy is a function
of various parameters, « 12%--+. The rate of production of entropy
within the systen is

asy/ae = /1= I @ S/, X o4, /dt; (13)

Then the quantities (98/2%¢, ) = Xk have the dimensions of forces and the
dﬁ(/dt 'Jk are the conjugate fluxes.



A central postulate of the Thermodynamics of Irreversible
Processes 18 row introduced: The fluxes 31 are assumed to be homo-

-
genecus linear functions of the conjugate forces xi' That is,

- -
J; = Zkbikxk (14)

where the phenomenological coefficients Ly, are assumed to be independent
of the forces, According to Curie’s theorem (1854), entities whose
tensorial rank differ by an odd number will not interact in an iso-
tropic system, Therefore, the vectorial fluxes can be functions only

of the vectorial forces, On the other hand, scalar second rank tensor
forces and fluxes can interact (stress tensors and chemical reactions).
We will omit consideration of systems involving stress or chemical
reactions. Under these circumstances Eq. (Q4) deals only with the
vectorial forces and fluxes,

The fluxes to be used in this theory are the time deriva-
tives of the thermodynamic variables used to express the entropy of the
system in quadratic form and the forces conjugate to them are the
derivatives of the entropy with respect to the corresponding thermo-
dynamic variables. (L. Onsager, 1931). Examples of conjugate sets
of forces and fluxes are given below.

As a final postulate of the Thermodynamics of Irreversible
Processes,; it is assumed that the matrix of the phenomenologiral

coefficients, L, is symmetrical, i.e.

Ly = by (15)

These are the Onsager reciprocal relations (Onsager, 1931; Casimir,

1945), This postulate may be derived from the principle of microscopic



reversibility or may be regarded as a postulate obtained by empirical
generalization comparable with the second law of thermodynamics.
In order to obtain the phenomenological equations in a form
suitable for discussing fused salt systems a form wmust be chosen
for the fluxes and forces in termms of which the dissipation function
(Eq. 9) is to be expressed. We first consider some of the possible
formulations at length. A comparison is given at the end of this
section.
In an electrochemical system of n-l1 neutral components,

(without viscous forces or homogeneous chemical reactions) the
behavior of the system can be described in terms of the fluxes of
n-1 components plus the electrical current density plus the heat
current density. Alternatively, n ionic (or at any rate not all
neutral) fluxes plus the heat current density may be used. One
may proceed to find the forces conjugate to either of these sets
of fluxes according to the prescription given above and to construct
the dissipation function. The proper sets of forces conjugate to these
fluxes are

g 27%

Uy ~ 3, i=1,...,0-1 (16)

~¥InT~q
for neutral components or

“Rphy = - Ulf + 2 FP~ 3

i=1l...n (17
~-VInT ~q



10.

b
for ionic components. V}' may be conveniently measured in volts/ca,
™ Y -
I in Faradays/cm®/sec, aTFi in joules/mole/cm, J in moles/cm®/sec,
T in degrees Xelvin and § in joules/cm2/sec.

We note that the Gibbs~Duhem relation for this system is

L iVl = -Vp+ Lo =P g - £, ©1Vihi (18)

Here chi':k represents the net external force density applied to tre
system. 1In a state of mechanical equilibrium d:/dt vanishes. ror
fused salt systems the interaction with bounding surfaces, prrous
plug diaphragms, etc. is often important. That is, the surface forces
do not vanish. In this circumstance, the conservation ol momentum

equation in terms of the fluxes assumes the form
t

Y a - -2

MJ, =V Z c M, + f (eyF; - Vp) dt (19)
o

A number of phenomena of special interest in ‘used salt research

appear to be connected with such forces and will be treated in Section

VII. For the present, however, we assume surface and body forces

and pressure gradients to be absent. Uncer these circumstances the

forces and fluxes do not constitute independent sets of variables. If

the velocities are measured with respect to the center of gravity ( Z JM .=0),

or the center of volume (z J, v = 0), or in a mole fixed system

i
(ZiJi = 0) or indeed in any completely defined reference frame,



there will always be some relation among the matter fluxes, so that
only n-l of them are independent. Similarly, the Gibbs-Duhem equation
will provide a relation among the n matter forces, leaving only
n-1 of them independent. By eliminating one force and its conjugate
flux with these relations an independent set of forces and fluxes
can be obtained, This r%‘./be done in & number of ways.

Suitable independent sets of conjugate forces and fluxes
may be obtained by examination of the dissipation function. In
temms of neutral components at uniform pressure this has the fomm

n~l . a

§=-k§1JivTh-qﬂ1nr—Ivy/ (20)
vhere
nil {;.; ‘ nz-l,,
c =0 ; J.M. =0 (21)
=9 1i'vd ’ = b i §

The use of neutral components for describing conduction in
an electrolytic system has been explored by Sundheim (1957) and will
not be treated here. (cf. Section IV )

In termms of ionic components the dissipation function is

n o - o
g =-Z IF A - AR I T (22)
)
where
n s zn:,
c.V, =0 JM, =0
f}l i'rA o St

Eq. (22) may be written in terms of independent variables in two ways.
On the one hand, the Gibbs-Duhem equation may be employed to eliminate

a force:



12,

(23)

(The summation may also be written to n since this term automatica.lly

=(n) _ - o &
vanishes,) Hence the set of fluxes Jg J c i/ n = ¢ i(vi vn)

.l
together with q is conjugate to the forces VTﬁi( i=J...n-1l) and

ol
¥V in T.
The forces and fluxes being independent, we may now write

S~ n-l

VTI»‘1=~ : i(n)ckc -v)-fi, (n)a

1 (24}
S N
Z= . (“) =
VinT= - k§1 1,k v,) - F}Hl,m-l a
i = l..o,“’l

and the Onsager reciprocal relations hold among the iiin) so that

B =R (M (25)

Since the heat flux 3 is not often an independent variable, it is
convenient to solve explicitly the last of Eq. (24) for ?I and
substitute it into the first of Eq. (24)
a=“'£l-ﬁ () o (v.-v )+ R M) Jing ()
& Bk KR Y Re,ma Roy1,ntl
so that
n-1

o ¥ o= . (n) . (n) &
Vol i§1 Rix ck(vk v - R1 mi VinT (26)



13.

Vhere AUR T
Rilin) = R:u((n) _ ikl 1,k ( 20 Aj
(n)
1,n+1
and hence '
(n) , 5 (n)
R " 7 Ry

In fused salt systems, there is rarely a component that
is uniquely suited to serve as solvent. All components enter on a
more or less equal focting.l It is convenient, therefore, to seek
a more symmetrical representation. Noting that no coefficients
R

ik
to introduce the definitions of these coefficients by the relations

with either i or k = n occur in Eq. (26), one is at liberty

(27)
ya
=0 R, =R. 1=1...nm1
k=1 ckkik in &,u
A n A ~3 283
Vil = - 1§1 Ryde "Ry gy VA T (28}

The definitions (27) were chosen to preserve the relations

Rik = Rki; i,k = l...n, .It may be readily seen that they are
equivalent to the statement that the addition of a uniform velocity
to all the v

i
Finally we may display Eq. (28) in still another form by the use of

Eq. (27):

does not affect the dissipatinn function (Onsager, 1957).



14.

n

3 . f? Y Y 5
Vol = - £ Racd - (347¢4) 1£1 RiyCx “ Ry VIR T
(29)

6rf1 = - kél RiCkV¥s) = By noy Vint
In the last of Eq. (29) we see that the expressions for

S/ pp; are independent of the reference point chosen for the velocities.

Laity (1959) has suggested that this is a significant advantage and

has recommended that transport phenomena be described in terms of

this type of "friction coefficient™ (cf. also Spiegler, 1959 and

Klemm, 1953). He has used the definition

Z. c. (30)

8o that Eq. (29) becomes

U d

o

> -
Tk T Vi) (31)

QL
™=

1

if the equivalent fraction of species k is designated by X

Another method of selecting an independent set of forees
and fluxes to express the dissipation function (Eq. 22) can be obtained
by introducing the statement that the velocities are measured with
respect to the local center of gravity to eliminate one of the forces.
Then

= . 5 d."”..nk)” 4 3 3
§ kéi Iy * (Vb ﬁ;VTﬂn)-q VinT (32)

where L9 is the mass per unit concentration of k.
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We may then write the set of phenomenological equations in terms of
- - -
the n-1 independent forces (Vo - (M, /M )V, fl) and Vin T and the
: -
n-1 fluxes Ji( i=l...n-1) and 'c'i

> > Mk N -
R ATCT A S £ B
Again noting that the subscript n does not appear in any of the

coefficients, we may find a more symmetrical respresentation by
introducing the definitions

n
ké,l MLy = 0; 1=1..n,nl

(34)
Ly, = Iy 3= l...n,nil
8o that
a n o A £
g = - ké'_l LikV,I/Lk - Li,m_l Vin T (35)

-

(The definition (34) expresses the fact that the dissipation function -
§ is not affected by application of a uniform body force to the system)

>
Equation (35), which expresses the J, in terms of the

i
- -
Vrﬁ; and V 1n T is a parallel form to Eqs. (28) and (29) which express
> . - -

the V'r"i in terms of the Jk or the (vk - Vi)’ The latter form is pre-
ferred by some workers since it is felt that the interference of forces
due to relative motion of ions is easier to picture than the inter-
ference of fluxes due to the interaction of the forces. The former

has some advantage in simplicity of manipulation, particularly for



multicomponent systems. A further comparison is given below.

It is possible to invert Eq. (35) to obtain Eq. (28),
provided proper allowance is made for the dependence of the variables
(Helfand, 1960). The interested reader is referred to this paper for
the somewhat complicated relation between the R,, and the L, .

ik ik
C. Electrical Conductivity.

. -,
The isothermal electrical current density I in terms of
the Lik is
- n - n ?E P - . -
1=l k=1
Of course I is independent of the reference point chosen for the
n
velocity (\70 z cyz; = 0). The specific electrical conductivity ¥
i=1
is

b= 1/0p
- 173 ‘Ekziszik

The transference number of an ionic species t; with respect
to a reference point is defined as the number of equivalents of that
species passing the referaﬁcex pointy per Faraday of charge passed
through the cell. Therefore

71t

The transference concept may be extended to neutral components by use
of the Washburn number, Wy (E.W. Washburn, 1909). In the present case

Wy in a uniform system may be defined as the numter of formmula weights

(36} -

(38j
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of i crossing the reference plane per mole of positive electricity

passing through the cell in the same direction. For ionic species

ti ¥ z4Ws. In a uniform system the transference number may be expressed
as
> - - - -
w, = ti/zi --o‘(civo +Z1; Ly 2y fvr)/l
- Z 2y Lik/ Z 232 Lik + Jti/zi (39)
k ik
where

s s
J‘ci = zi/ c:ivo/I

If the reference point is the local center of gravity, so that when
v, = 0, dt = 0. We designate this transference number by the sub-
script zero so that

t, = t% + ft,
1 1 1

For the particular case of a one component, two species

fused salt, it is readily shown with the aid of Eq. (34} {Sundheim,

1956 ;, that
M
€ = nl-‘%"n; (40)

{In this system there is only one independent phenomenological
coefficient, le, and since it appears both in the numerator and
denominator of Ea. (397, it does not appear in Eq. (40);.

ity
In view of the relation Z ‘12 > 1 and that [ MJ, =0
k i
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g0 that J M,t3/z, = 0, a system of n ionic species is characterized
by only niz independent transference numbers, The electrical con-
ductivity itself, as expressed in Bq. (37),increases the number of
independently measureable quantities to n-1.

The transference numbers reported in the literature are
not generally measured with respect to the local center of gravity,
but rather in cell-fixed or porous plug reference frames, so that
&t must be determined from the conditions of the experiment. Sub-
stituting Eq. (39) into Bq. (36), for an isothermal system which
is not of uniform composition, we can write:

VY =1 - z (e m ) RV (42)

That is, the potential (measured between identical reversible elec-
elien

trodes) is the IR drop plus the so-called "d&u potential,”™

the second term in Eq. (41). We note that the reference point chosen

for the t in BEq. (41) is of no importance, since

Zinhy o+ 8n0n = L@k WAL oTK
N (42)
= k§1 VA LD

These equations may also be cast in terms of the Rik'

- ~ Z - K
Yok = - = R - Ry mvanT

§k= (tk/zki') * ;
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80 that

VY -- ;-‘}7 [ER,_R (;k?) I+-Ri’m1$1nr']

. (43)
~d
b = 1/Fy= - [3"’/({ Ry 6/25%0]
In the particular case of the isothermal conductivity of a two species,.
one component salt, Eq. (43) reduces to
— 2
K = -z‘z’y /RK,’ (48)
The equivalent conductivity A is K/(c 4%4)-
D, Diffusion.
When the composition of the system is riot uniform and
the electrical current density vanishes, ordinary diffusion can
occur. Returning to Eq. (36), we see that this implies ‘that
o~
=0 = v
Y=o E 242, by Vs + Zizi‘i,m-l In T (45)
. K ,

Thus the forces and fluxes are no longer independent sets. The
relation (45) must be maintained among them,

The definition of diffusion coefficients in fused salts
requires particular attention. In dilute golutions of unionized
solvnﬁt:s » 4 convenient reference frame for changes in composition is
provided by the solvent itself. Also, there is no ambiguity about
identifying the appropriate variables (unless there is a dissociative
equilibrium). This "natural” reference frame afforded by the solvent
is ordinarily not available in a fused salt. Furthermore, intuition

suggests and some models require description in terms of the individual
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ionic species. Since the motions of the ions are restricted by the
requirement of electroneutrality, we must either note relations among
the ionic diffusion coefficients or else combine the ions to fom
neutral components for which independent diffusion coefficients may
be defined. It is necessary to consider the possible choices of
independent variables, the number of phenomenological coefficients
needed to describe the system and the relations between the various
quantities of transport that may be encountered. (Xirkwood, et al.,
1960; Sundheim, 1957).

We begin by expressing the flow equations in terms of
electrically neutral combinations of charged ionic species. There are
n iomic species so that only n-1 neutral components (independent comp-
osition variables) are required to describe the system at all points.
In systems of two or three ionic species, the choice of components
is straightforward. Thus, for Na' and C1” we use NaCl; for Na',

X' and C1”7, we may use NaCl and XC1 as components. Where there
are more than three ionic species the components may be chosen in
several equivalent ways. Thus, in a system containing Li+, Na+,
C1” and Br  the components might be any three of LiCi, LiBr, XCl
and XBr., For example, if 1iCl, LiBr and XCl weve the components
used, then C moles/cc of XBr could be represanted as C moles/cc of
XC1 + C moles/cc of LiBr-C moles/cc of LiCl. In general, we may
write the flows 35 in terms of the flows, jkl’ of the neutral

component formed from species k and species 1 as
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1 (46)
where the sum runs over the n-1 components of formulae (xz+)z- (Li-)u

and the z, are the algebraic vilences. The corresponding concentrations

may be written by replacing the 3"3 by c's in Eq. (46). The flow

equations can be written in terms of the neutral combinations by express-
ing the chemical potential of the neutral components M j in terms of

those of the ionic species and then using Eqs. (28) and (46) (Xirkwood

et al., 1960).

-d -
6‘!‘/‘1;} =25V - zivrf‘;' = - Zk (2 Ry2Re0) L 233y

1l
(47)
= (2R 2 " g ;,ml)w‘“ T
Noting that terms with k = 1 do not appear, we may rearrange the
summa.ion as .Jollows:
1—-1 s '
Vs = 5 1§2 (24Ry - 2Rp0% b
(48)
k-1+1 %‘zQ k"LRs\()zr’u 23Ry o172 3,n+1)v"“ T
3
Noting that %1 = Jlk and that z) and 7z, must have opposite signs to
form a neutral molecule, we interchange k and 1 in the second summation
and obtain
1-1 ) -

where

Rij,kl = (sz:Lk - ziRjk) Zy + (zile - szil) Z, (50)
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and it may be seen that Ri j = Rji implies immediately that Rij,kl%,ij
and also that 12:':3 cisRigyy = O

These equations are suitable for the description of diffusion
without further concern about electroneutrality.

The conventional description of diffusion in a two component

1iquid system (e.g. Tyrrell, 1961) begins with Fick's Law in the form

- -
= - Ve,
- d (51)
Jp = -~ DgVep
If the reference plane for the fluxes is properly selected, the
diffusion coefficients DA and l)B can be made equal to each other.
This common value is termed the mutual diffusion coefficient, DAB’
if the concentrations are measured in moles/unit volume and the fluxes
in moles/unit area . unit time; the proper reference frame is one
across which there is no change of volume ("volume-fixed") and is
defined by
2V o~ 2v o~
JA vy + JB vg = 0 (52)
Noting that Vata * Vpop ™ 1, we find that l)A llB DAB 80
that the diffusion process is completely described by
(V) . _p (V)2
JA 'DAB v ca
(53)

(v) v)a
33 s - DAg )VcB

On the other hand, if the reference piane is that of the
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local center of gravity ("mass-fixed")

~(M) (M)
S R L L VA A

A(M): M
0= - 000 (9 v,

(54)
wp = Myc,/(Myc, + Myep)

M3, + MpJy = 0

whereas if the reference plane is such that the number of moles on
each side remains constant ("number-fixed")

AN = _ 5 (M)
JA . DAB CVNA

A(N) ¢.))
Jp = - Dpp _cVNB

" (S5)

c=CA+CB

Ny = ep/(ey + ep)

3N o 5N -
Ja Jp 0

The relation between the fluxes (mles/cnzsec) measured with respect
to the various planes is as follows:

A(N) _ A(M) |
(56)

V) - M) | ¥, ~
JA JA VB/(VA"A + vaB)

By application of these relations to Eq. (53), (54) and (55) it can be

readily seen that

(V) = (M) = pn (N
Dap = Dap Pap (57
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Thus mutual diffusion is equally well described in any of these three
coordinate systems (and indeed in any other which is linearly related
to them) by properly selecting the units of concentration. It is
important that the concentration units appropriate to e.g. the number-
fixed reference plane, should not be used with the volume-fixed plane,
since the coefficients defined in this way would then be different
for each of the two species.

The expression for Dy, in terms of the R:Lk can be found
by recasting Eq. (49) in terms of the diffusion coefficient. Sub-
stituting

oy > ) .
Vofys = - (RE/Xy5) [1+ (3 1n ¥ 13/3 1n X,5)) - VX 5 (58)
and Bq. (56) into Eq. (43 ) we obtain

- N 7
500 . R/ Ry px(eiep] < [1+ @ 1n ¥ 50 In X 5}V Xy (59)

hence we can identify

D, = nlgﬂ) = DlgV) = plgll) = R/(egtc,) [1+ (3 Y,/ xu)]/ 5

(60)
The mutual diffusion coefficient may also be expressed in
terms of the Rik With the aid of Eq. (50) we find
Ry3 23 = Z3(23Ryp - 2 Ro3) + 2p(2Ryy = 23Ry 4) (61)

A case of particular interest arises when the species 1 is a tracer
for species 2. Then D]_2 is 112'. the tracer diffusion coefficient of
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species 2. Because 1 and 2 are considered to be chemically equivalent
we may set z, = z, and R,; = Ry, and (31:1)’13/61:1 Xy3) = 0. Then

Ry3,23 = 23(23Ryp = 23Rp30 (62)

If ¢y =c, and the relation g;cikik = 0 is employed, this may also be
expressed as
Rz, 23 © z32(“3.2 - Ryo)

Thus D)3 = D} = RY/ [(¢; + €)25(2)Ry5 - 23Ry5) ] = RT/ [ep5(Ry Ry,

The factor z; arises as the number of formula weights of
species 2 in the component between species 2 and species 3. The
usuval definition of the self diffusion coefficients omit this factor.
The same treatment may be applied to any number of components. Thus
for 3 ionic species the self diffusion coefficients can be obtained
from consideration of a 3 component (4 species) system in which one

species is a tracer for another. We find for example

_ RY [Zyz,05 + Cy42,25 + ©)3212:] B
= - (63)

2p24C 3Ry + 2250 3Ry 5 + 27Z,R, 50,

Laity (1959) has observed that this expression has the form of the
reciprocal of the average valué of the friction coefficient of the
diffusing ion against each of the ions it encounters. It should be
noted particularly that a self diffusion coefficient is not directly
expressed as a friction coefficient and vice-versa.

E. Practical Diffusion.

1. Frames of reference

The relations between the various practical diffusion
coefficients and the most useful theoretical quanticies are simple

for systems of a few components but rapidly increase in complexity
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as the number of components increases. We will first discuss the
general multicomponent system and then give the specific results
for a few systems. Then we will be in a position to discuss the
detemination of friction coefficients from experimental data.

The theoretical equations useful in a general discussion
of transport properties express the flow of each component i as a
sun of forces (negative gradients of electrochemical potentials)
each multiplied by a diffusion coefficient l’ik (Eq. 35). 1In the

isothermal isobaric case these take the form:
- -
Jg = 5.'1." Ly Xy (64)

In experimental studies, flow equations are customarily writen as
the sum of concentration gradients, each multiplied by a diffusion
coefficient Dij of a different type. The Lik are referred to as
"fundamental diffusion coefficients™ (or somewhat inaccurately as
"thermodynamic diffusion coefficients™) and the Di:i as "practical
diffusion coefficients."

The various diffusion coefficients may be written in many
different ways depending upon the reference frame adopted and on the
way in which the restrictive conditions are incorporated. In
Eq. (35) the system is described in terms of the n2 quantities Lij
(fundamental diffusion coefficients of the ionic species in the
mass-fixed frame of reference). Similarly, another set of (n~1)2
fundamental mass-fixed diffusion coefficients, Lij,kl’ may be obtained
via Eq. (46) and the equivalent of Eq. (35) for neutral components.
Both of these sets deal with flows relative to the center of gravity. We must
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now examine the effect on these quantities of changing the reference point.
The basic relation is simply (J))p = (J,)g + o,Vgp. This

equation relates the flux in frame of reference R to that in frame

S by use of the velocity Vg, of frame § with respect to frame R

at the position and time considered. The reference frames of particular

interest are those with respect to the center of gravity (mass-fixed, -

subscript M), with respect to a particular component (solvent-fixed,

subscript o), with respect to a frame moving so that no volume change

occurs across it (volume - fixed, subscript V), with respect to the

closed end of a cell (cell-fixed, subscript C) and with respect to

a porous plug (plug-fixed, subscript P).

Volume-fixed frame. The fdlowing discussion is based on that of
Xirkwood, Baldwin, Dunlop, Gosting and Kegeles (1960) to which
reference should be made for a more complete treatment and for
reference to other studies.
We begin with Eq. (65) where the subscripts refer to ionic
components and it is known that l"ik = !"ki
- M >
¥ F L9 (65)
If one of the ionic compsnents is chosen as reference
(subscript o) then the use of the relation '\7 = o ?g /t:~o and the

Mo
Gibbs-Duhem equation, Z °iv'IV“1 = 0 converts this to
i

To0 _ o 7 66
~Jy k‘i-l Lix Vi (66
#0
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0 ci

ck
- — 1
<, ol

o}

The relation Lig = Lj: 1s still preserved among the (n~-:|.)2

coefficients. The practical diffusion coefficients in the reference
frame determined by species o can now be obtained by o(prusiné the

gradients of the chemical potentials in terms of concentration gradients.

Since there are only (n-2) independent composition variables this may
be done by writing

> n-2 >
v’l‘/‘i = é], (afl.i/o)ck) Vck i=1...n-2
then
o n-2 o = -
Jy =- 1:5'1 Dy Vo i=1...n-2
where

o. % o
D, = jEl Lig Q200

The relations for obtaining the Lﬂ‘: from measurements
on the Dﬂ‘: can be found by inverting the last equation

Ly =| bﬁ/bc\ik/\ 2p/2 o

Here |4 /bc\ is the determminant of the matrix of the bﬂilaﬁck and
jakp c qx 18 the sum of the appropriate minors multiplied by the

(67)

(68)

(68)

(70)
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corresponding _Dii . For n = 4 (three neutral components of which
one is designated as solvent). these equations are

Ly =07 @mPey - D3 (APl /s

'

) =[p°(a,b/3c) n?ca/*/Ac)]/s
b2 12 9796 1 9/1/9%2

1

L =D, (dmMecy - D) (IPy/dcy)T /s (71)

)
N o
i

2 =Dy (W/dey) - D)y O Bepnl/s

w
{

= (Jy/0cy) (dfty/de,) ~ (qpty/3¢cy) (p,/3cy)

The solvent-fixed frame is not often of primary interest
for fused salt systems but may be used conveniently to obtain the
volume-fixed equations.

The velocity of the vo.“le.une-fixed frame relative to the

- - n- ~ 3
solvent-fixed frame is vV, = -J ¥, J7 so that

i=1
n--2
2V %o ¥ S0
Jg 3" - ey Jz__;l vy aj (72)

When this is ir\xserted into Eq. (66), the set of flow equations is

found
-2
sV _ n va o
Jy - ké‘_l Dy Ve i=1,..n-1 (73)

where
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n-1
Vopyo. ~ o
Dn D!] °i jz=1 v:i Djk

i’k = i.oon"l

The inverted expression which may be used to obtain D,

fron the measured Dﬂz is

o) v ~ ~ o
D.. =D, + (cyfev) T Vv.D,
ik ik i’“o'o . 3 T3k 1,5 = 1...n-1

Cell-fixed frame. If the partial specific volumes of the various

components .‘;i change with composition, the process of diffusion

will be accompanied by a volume change. . The net flow brought about

by this volume change will not affect the diffusion equations for the
M, 0 and V frames of reference. However, if the frame of reference

is the closed end of the cell then the liquid at each point experiences
a hydrodynamic flow due to the volume change between that point and
the end of the cell., Since this flow varies with position in the

cell, the resulting equations of motion are not simple. Xirkwood

et al, (1960} have shown that the equations of fiow in a rectangular

2ell, closed at bottom and open at the top are

-1

B=- I o oemo

n-1 n-l - - -
- ey T{Z R ’Zl ‘)"j/b'b)[”‘g"k* (c./e v ).

N G T 5 S S | 3 oo
s Iy (3 )
. 'Z;l v Dmk] (ack/ x) ¢ c)&/;x) j'dx

Procedures for obtaining the practical diffusion coefficients

(78)

(75)

(76)
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from measured flows have not been worked cut for the case where volume
changes are considerable. If “he dume changes are small and/or
the concentration gradients are kept small then thesz flow equations
become approximately those cf +he volume -fixed frame. Kirkwood et al.
point out that the conventicnal procedures for treating experimertal
diffusion date in dhsed end cells lead to approximate values of the
Doy
Plug-fixed frame. A further reference point which is of great interest

(See, however,F.A.L. Dullien and L.W. Shemilt, 1962).

in fused salt systems is the "plug-fixed” ocne. 1Tt it shown in Section V

-+
that VPM is
v = I M 14
You * - é:'h( Iy “E?k N

Consequently, the flow equations in this frame of reference are

n-1
- P - - = » a M
Jy - L Ly VA v TR /T
k=l 1 ®
n=1 o
=- L Cact ey 21.711‘1}:"?/‘&: 78

-]
L P‘bﬂ
= - 3. L %7,
] o= ik P

Note that the reciprocal relations do not in general hold among the

quantities / Likpfr »

Conductance and transference numbers, In the abgence of composition

gradients the specific 2lectrical zonductivity, A nay re written as
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n a
A =1/p = I 2 F37¥

= £ 2z L
& 1% M
This conductivity is expressed in terms of the gradient of the “inner
potential®™ and its relation to that expressed in terms of the "outer
potential™ meeds to be noted.

The trensference numbers in this frame of referénce are

€ = 2 FiyT

=zizk"kl‘1k/%‘izkl‘ik

The difference between inner and cuter potemtial does not bear on
the transference numbers but changes in reference point change the
transference numbers although they do not affect the expression for
the conductivity.

Since i ti = 1, there are apparently n-1 transference
nunber msum:\::i possible plus one conductivity. However, the
relation 231141 = 0 (or any similar relation identifying a reference
velocity) makes it possible to express one of these in terms of the
remaining ones so that only n-2 transference number measurements are

actually independent. ‘he two restrictions are

T (o= T (ze -
7 (Fa/24) T X% L 7 O

and T e
i 1

(79)

(80) -

(81)
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The chain of transformations that leads from the friction
coefficients to the practical diffusion coefficients is summarized
in Table I. \

As we have seen, thers is a variety of formulations of the

phenomenological equations of transport. The forces may be expressed
in terms of the fluxes, the fluxes may be given in terms of the forces,
the representation may be symmestrical or unsymmetrical (see Disc.
Far. Soc. 32, 1961, pp. 172, 250), and for diffusion may be given
in tems of iomic or neutral components. One may ask whether any
particular formulation has something toc recommend its use over the
others. A‘ comparison may be drawn as follows.

The expression in terms of the Rik (or i = -c,rkik) has
the notable advantage that the non-diagonal terms (i¥k) are independent
of the frame of reference so long as it is linearly related to the
center of gravity. Changes in the reference point lead only to
changes in the diagonal terms. That is, the Rii are different in
mass-fixed, volume-fixed, etc. systems, Alternatively, we may abandon
the form of Bq. (78) and restrict ourselves to the form of Eq. (24)

so that the R, are completely unused and undefined. The tracer

i1
diffusion coefficients could then be used to calculate a set of
diagonal terms, Rig. If this is done, it should he noted that the
electrical conductivity, mutual diffusion coefficients and transference
numbers all can be calculated in terms of the non-diagonal Rik and con-~
versely the non-diagonal terms can be obtained from just these data
{sea below). However, the relation betwean the tracer diffusion co-

efficients and the diagonal elements involves the other coefficients.
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The expression of the phenomenological equations in terms of
the I‘ik has the advantage of flexibility and convenience. The expressions
for diffusion coefficients, trensport numbers and conductivity in temms
of the L:Lk are sinple. This is analogous to the simple combination
of partial resistivities which leads to a combination of reciprocals.
However changes in the I‘:Dn with the reference point are not restricted
to the diagonal terms.

The use of neutral combinations rather than ionic constituents
is of great convenience in treating diffusion data but preciudes the
discussion of conduction and of transference in a symmetrical way.

(See however, Sundheir, lg::, ;’:07)“ '

On the balance, than, it would seem that the most suitable
mode of representation for fused salt systems for theoretical. purposes
is the &m although other modes will doubtless continue to be used
for special purposes.

F. Determmination of Friction Coefficients.

let us now turn our attention to the complementary problem;
namely the determination of the friction coefficients from experimental
quantities, Here the following problem presents itself: There are
(n-1)(n-2)/2 experimentally determinable codiffusion coefficients which
may be transformed into (n-1)° fundamental diffusion coefficients
(e.g. volme-fixed). BAmong these latter, the (n-1)(n-2)/2 reciprocal
relations are expaected to hold together with (n-1) mlations arising
fram the identifications of the reference point. (The applicability
of the reciprocal relations has been studied for several ternary
solutions but not directly for fused salts. Nevertheless, we shall
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assume that they are valid.) The number of ionic friction coefficients
to be calculated is n2 minus the n diagonal terms minus the n(n-1)/2
symnetry relations giving a total of n(n-1l)/2 independent quantities. Inr
general, therefore, there is an excess of (n-1l) independent quantities
to be determined over the number of independent measurements available.
Thus it is not possible to obtain the friction coefficients from diffusion
data alone. The number of independent transference numbers that can be
obtained is (n-2) and together with electrical conductivity, this additicnal
set of n-1 independent experimental quantities can be combined with the
diffusion data to obtain all of the friction coefficients.

For example, in a one component, two species system, where
n = 2, there is only the electrical conductivity to be determined. In
a two component, three species system, one transport number (or
combination of numbers), one interdiffusion coefficient and one electrical
conductivity can be measured.

general expressions for obtaining the friction coefficients
from experimental data may be expected to be extremely unwieldy. Speciiic
relations for systems of two and three species are given below. (Exper~

imental results for more complex systems have not been reported to date.)

Iwo Species:

R, = (z -z, )f /ey *I\) (82,

Three Species:

The explicit expressions are cumbersome. The implicit

expressions (Laity, 1959) are
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2
A= F 2 lepayzyfag = X33y = Xo5m)(asRy, = 2Xp5R g2 Xy 5Rys)
(27,7200 5 = 2;K,3F R05 - 25X338 R

_ Xp3(ZRy3 = 23Ry )

. (83)
2. X)3Ros ¥ 2,X55 - 238,

_ (R/eg) [2yXo3 + 25%y5 = 292,/%5)

D,, = _
12 2qR (2 X, 2,X05) - 2 X R (B0 3] 20K 3003 572y 550 % g3)

Tracer diffusion. The codiffusion coefficient between two components

which differ only in isotopic composition is called the tracer
diffusion coefficient (or, less accurately, the self-diffusion
coefficient) of that component. For example, if a very small amount

of Na22

Cl is dissolved in Na2>Cl, the process of mutual diffusion
of these components is describable by a single practical diffusion
coefficient (if the solution is sufficiently dilute, the reference
point is unimportant). Since such a solution is approximately ideal,

the fundamental diffusion coefficient is readily found to be (Bq. 62):
= N
D} = Rr{epzp(zyRele = ZgRpp) (84)

It has been suggested (laity, 1959) that the friction co-
efficient found from this codiffusion coefficient be used to define the
unmeasurable diagonal terms Rig. However, the coefficients defined in

this way may not be used in the diffusion equations

> -
Vo = % R (85)
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since these are correet only if Ry = - }:; Rikck/ci. It would seem

best to avoid such double usage for the coefficients Rii {or v TR :l)‘

This point is particularly important when one treats the migration of

one isotopic species with respect to another ‘luring electrolysis (Bearman, 1958)'.
However, since they are sometimes used, the relations between the Rig

and the D¥* are given here:

A

Two species:
R;: = (2,/2 ) R, + (2, - 2 )RT/(D} =z_ + cp) & a)
R*= (z_/z+) R+ (z_ - z+)R'r/(D'f z, - cT) @aé)

Three species:

Again the implicit expressions are ~che simpler:
(2yXy35 + 29Xp3 = 212,/73)

*® -
2 X 3R] + 29X53Ry0 = 3329Ry1/24

D} = (RT/cg)

(29Xo3 + 25Xy3 = 2925/25)

p? = (RT/c,.)
2 T7 23 X55Ry0 ¥ 2K 3Ry, - 202,8)5/25

(29Xo3 ¥ 2pXy3 = 2929/25)

D¥ = (RT/c.) =
3 T' Z29X,5Ro7 ¥ 2K 3Ry3 = 412,R3/25

G. Motion within Porous Media.

In addition to the isopiestic experiments described above,
measurements on systems which include pressur«< gradients and hence
frietional interaction with a diaphragm of some sort, e.g. streaming
potentials, are particularly interesting in fused salts. It is useful,
therefore, to introduce explicitly the possibility of momentum transfer
betweer. the electrolyte and the cell. (For further discussion of this
point see Section IR) We first treat the phenomenological description

of systems of this sort and then consider pos3ible mechanisms

for such interaction.
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The flow of a liquid through a cell containing a narrow chamnel
or its percolation through a porous membrane is resisted by a force which
depends on the relative velocity of the liquid and the cell. In the
first approximation this force is directly proportional to the relative
velocity so that, at low relative velocities, the restmining force per
unit cross section may be written as

-

F=-RE -V (86)

where 'i?, 3c represent respectively the velocities of the liquid and of
the cell with respect to the reference point. The proportionality
constant R presumably depends on the structure of the cell. For a

one component liquid, R is termed the flow resistivity of the porous
medium. When the porous medium is equally resistant in all directions,
R is a scalar; for non-isotopic materials it would be a dyadic. In the
special case of the flow of a one camponent liquid through a single
narrow tube, R is proportional to the viscosity of the liquid and
inversaly proportional to the square of the radius of the tube
(Poissuille, 1840, 1841; Hagen, 1839). In more complicated porous
structures X is sometimes described as the product of the viscosity and
a "tortuosity factor."

In concentrated aqueous electrolytic solutions, the viscosity of
solutions may be approximately described in terms of modification of tha
viscosity of the solvent by hydrodynamic effects due to the distortion of
the solvent streamlines in the liquid undergoing streaming motion by
the obstruction represented by the ions (Einstein, 1906).

In a fused salt system which may be undergoing diffusion or
conduction, and for which there is no well defined solvent sp-cies, it
does not seem likely that a single viscosity coefficient can



Jeseribe all the modes of motion, Accordingly, we make the tentative
hypothesis that the force on the liquid can be written as the sum
5 the formes on the varinous ionic species and that the frictional

forca for ecach is porportional to its velocity relative to tha cell.

3

Hat is °

e

where each of the Ri may be expected to be dependent on the materizl
of coanstruction and tﬁe geometry of the cell and on the compositio:
of the fused salt. (This general expression reduces to the more
usuzl one if all Ry tend to the same value,)

) rurthermore, when there is a pressure gradient we must
take into account its effect on the volume changes accompanying ioniec
aigration and electrode reactions (we assume the electrolyte tc be

incoapressible)., If the algebraic values of the volume changes per

?arad&y due to the anodic and cathodic reactions are denoted respectively

4s 5VA, dv_ (for identical electrodes JvA = - ch) and if the
=lectrodes ars placed in such a fashion that edge effects, etce., can
e immored, ther; the tems which must be added to the dissipation
function because of the pressure gradient and the frictional inter-

actlion with the cell are

BV - vepy Ve = [dvp v J UK

‘
-

+ Z:cﬁi - 3;)21 Ri(ci - 3;)
i
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The dissipation function now has the form

s a > 5 3 3 A dAk
$ = ‘iZJixi ~QVIn T+ (O + p1) YV - %AFR 5

(89)

+ E (P - W) - e - £ e (Pt 2 T

TS ’ «-d
vhere X; = -VT,pﬁ”..
In the absence of viscous forces and chemical reactions,

this becomes

¢ - fi-"i’{xi - [dvaPy *+ IVeRe] 250 (/194 - "-.LVP} -4VinrT
\ (90)
Z a & - KN
+ - (J:I. - civi)’ki (vi - vc)
If we further specialize by setting %J.n T.= 0 and by choosing the
porous medium itself as the reference point so that '\;c = 0, then
Eq. (90) can be written in the fom’

@ = Zééi‘i' (1)

where

-l

_ - -
X" = Xy = (Gvapp + IVR) ziilr/ul - i‘z’in - RV,

N .
The fluxes J 4 are now written in the linear approximation

as a combination of the "forces® fi?
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N o T - -
g7 Z g X
AN > Oty B -
= % Ly [X - Gvpp, + dvip ) (INTH2 A ¥, Tp - R, (92)

= (/¢ + rE] [E Lﬂi:( -fﬁ&vApthvaB) zk zkbiﬁ'%}’/\VfF?ka Ly % ]

Thus the Lik

Eq. (14). The effect of the frictional interaction with the walls

are seen to be the same quantities I’ik encountered in

- 1 . .
then appears simply as the -oefficient » which now mulitiplies
Zl-rRi7c:i
L.] in the phenomenological equations.

The total force acting on an element of the fluid is

Y “ o Y -
= - - v
> ey X; 21: e X, (JVAPA + Jvcpc)zi, ez, A (3;/13,1) Vp%civi +zi R,J;

= . ¥p +2:Ri3i = fav/dt = 0
i

Therefore in the steady state we may write

-

S SR "
ye- A 193 . (93)

That is, the frictional force on the walls is balanced by the pressure

gradient,

We may now examine some of the modes of motion of the system.

l. Percolative flow

2 JxN

If all Ji = € Vo Eq. (93 ) becomes
b = ° - >
¥p = vy ZciRi R Vp

where R is the flow resistivity of the system.
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2. Electrical Conductivity

In a uniform system at zero pressure

2. ~
I Lok M

| o]
i

(94)

A= . vy = ;’ g’( ‘:ziszik/(l + Ri/ci)]

Using the subscript zero to denote the conductivity )‘o and the trans-

ference numbers to ({ see below) when the Ri vanish,

Ao = 7* z:k 2% Lk (35)
’

AA, = g (t) /(1 + R;/e)) (95)

In general the transference numbers t, are all positive so that A 4‘-}\0-
That is, the conductivity is expected to be reduced by the frictional
interaction with the walls,

3. Transference

ol T
ty = zi/' Ji/I = [zi/(l + Ri/ci)] . Zk_- [szik/ ;k ziszik/(l-rRi/ciij
’
(97

= [(t), /(1 + Ry/ed] / g.k Liep s+ Ri/ci)]

H. Porous Plug Reference Points

A reference point that may be adopted in diffusion or trans-
ference measurements is that defined by a porous plug, such as a sintered

disc or an asbestos fiber. It is important to detemine the relation
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of this reference point to others, such as the mass-fixed or volume-.
.fixed ones, in terms of microscopic parameters. A phenomenologica:.
descriptim"idas given in Section G. Here we speculate about a
possible mechanism for the establisment of the flow in a porous
medium. An idealized representation of a Hittorf type transference
cell is given in Fig. 1l (see, for example, the apparatus used by
Duke and Laity (1954) or Bloom and Dowll (1956). Here the plug
represents the resistance to flow offered by a porous plug and or
the walls of the cell.

During the isothermal electrolysis of a one component salt
such as silver chbride, the movement of the ions and the electrode
reactions produces volume changes in the electrode compartments.
However, the experiment is so designed that no pressure gradient
can occur, Since the system as a whole is electrically neutral,
the uniform electrical field exerts no net force on the system (salt
plus cell). There is no linear force component associated with the
electrode reactions because streamlines from simple sources and sinks
are syﬁqgtrical énd radially directed. No net force being exerted
on the system, the center of gravity will remain at rest during the
experiment., The interaction between the salt and the cell as re-
presented by the plug determines their relative motion which must
be such as to leave the center of gravity of the entire system un-
accelerated. During electrolysis the two ionic species are moving
through the plug in opposite directions and the crux of the matter
is the questions wyhat is the net force {rate of transfer of momentum,

between the salt and plug? If the force exerted by drag of negative

e R ¢ e TR, W
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ions so that the center of gravity of the plug is motionless with
respect to the center of gravity of the salt, then the plug will

have the velocity ‘mass-averdage velocity) given by
v = (thh * MBvﬁ‘/{MA -+ MB;

where MA9MB are the formula weights of anion and cation respectively.
It follows (Sundheim, 1957 that the transference number measured

in such an experiment is given by a simple expression:
Ty o M/ (My + My

The central hypothesis in this derivation is that a porous
plug will assume the mass average velocity of the ions flowing
through it. Comparison with experiment shows that the transference
numbers obtained experimentally are often not in accord with the
formula of Eq. {99 ;, We may then conclude that there is a net trans-
fer of momentum between the plug and the salt and must now re-examine
the inceraction between plug and salt.

Some possible sources of the forces exerted between the
salt and the cell are:

1. Surface effects along the bounding line (Fig. 1 Y.

A study of the different experimental designs adopted by investigators
indizates that variations in the size and shape of this perimeter
do not appear to affect the measurements.

2, Specific interaction of the materials of construction

with one of the ions. Experiments have been reported

which show that the results are not changed by substituting quartz,

aiundum or similar materials for glass except in the imrediate vicinity

(o?

(99
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of the softening point of the glass.

3. Electrodsmosis: This term is ordinarily used to refer
to the flow of the liquid through a tube or membrane accompanying
the passage of electrical current. In dilute electrolytic solutions
it is attributed to the action of the electrical field on the electrical
double layers formed because of specific adsorption of one of the
ionic species on the surface. The effect commonly falls off with
increasing ionic strength. Tha independence of the nature of the
wall and the high ionic strength militate against accepting this
mechanism for fused salt systems. The phenomena might well be called
electroosmosis but this labelling in itself does not improve our
understanding since the mechanism involved apparently is quite different
from that ordinarily associated with this name,

Although very systematic studies of the influence of
materials of construction; pore size, current dersity and other
variables have not been reported to date. nevertheless the
experimental results suggest that the transfer of momentum between
the porous plug and the molten salt is a phenomenon characteristic
of the salt alone, We shall adopt that point of view in the dis-
cussion given in the remainder of this section.

In order to analyze more thoroughly the interaction between
the salt and the wall, we first note that viscosity studies have
shown that molten salts display Newtonian flow ir viscometer capillaries,
This implies that the salts, which wet all of the common construction
materials, meet laminar boundary conditions; that is. the velocity

of flow goes to zero as the wall is approached, We assume that



when the two kinde of ions are moving in different directions under
the influence of the electrical field the ionic velocities individually
apprcach zero at the wall. The transition between zero velocity at the
wall and the velocity observed from the wall must take place in a boundary
layer of unknown but presumably very small dimensions. It is our intention
to propose a mechanism for the flow in this boundary layer so as to link
the observed phenomena with some definite property of the salt.

The motion of the local center of gravity of the liquid with
respect to the wall may be grossly described by specifying an electro-
kinetic mobility, /L , defined by

V= V¥ (100)

To accord with experiment this coefficient must be independent of
tube size, materials of nstruction, current density, etc. over the
range in which transference numlers appear to be independent of these
parameters,

Next we note that the laminar boundary conditions mean
that during electrolysis the ioms in the boundary layer must be :in
a state of shear, the positive and negative ions shearing in opposite
directions (Fig. 2). It is not unreasonable to assume that rate of
transfer of momentum between adjacent lamina may be different for
different kinds of ions,.

A shearing force of this sort may be introduced into the

flow equations by adding the term

03 7L Tt 2O,
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to the stress tensor in the equation of motion. The new terms are
exactly analogous to the terms describing conventional viscosity.
Their form may be justified either by considerations of dimensional
analysis or by extension of the development of the stress tensor in
terms of perturbations to the distribution functions (Bearman, 1960;
Sundheim,1960; Xlemm,1960). They have not been previously used in
description of liquid since it is possible to apply
different forces to the various species as can be done by applying
a uniform electric field to & liquid electrolyte. Whenever the
peculiar velocities, 31, are zero, this contribution will vanish.

In order to describe the steady state, isothermal; isobaric

electrolysis of a liquid, Eqs. ( 2 ) and (101) are specialized to

24 e | - > S S
0 =NV (g + N/ UV v+ Zk%(k% 3, +Zk(z"k SVANEIA XS

a SE o3 (102)
- e Nplp t 2P - klfk (3 = %)

For simplicity we treat a cell with walls parallel to the long dimension
(Fig. 1) and of arbitrary cross section. We imagine the electrodes

to be arranged so that all of the flow streamlines of all of the
species parallel to these walls, The volume changes produced at

the electrodes are imaghed to be obviated by sowre external arrange-
ment. Under these conditions each of the velocity vectors will have
only its z (longitudinal) component different from zero and this

component itself will not be a function of z (in the region far
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remcved from the electrodes;. Thereupon Eq. (102 becomes

2 - - -t ~ n
N ¥ V7 % AN T “Efk“’x s =

AW 3

The right hand side vanishes except at the electrodes. In this
=) Ad
geometry the Minertial™ terms VV,,( vV are zero, {EBEven
where they are not, the approximation of setting them equal to zero,
corresponding to "creeping flow" in hydrodynamics, is certainly a
good one here. )}
Upon adding Eqs. (.03 together we find that

2.4 S
AT, +§}:< Dl iny = 0

=9
<qx K

ol
Since v and the Jk vanish at the cell walls by virtue of the assumption

of laminar flow, it follows that

N -
v+ %@-Jk//; =0

Eq, (L& expresses the local (mass averagei velocity, 3, with respect
to the cell walls in terms of the peculiar velocities and the partial
viscosities,

In the most general case, the details of the sources and

(103)

(109

(109
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sinks of the bounding surfaces and of the concentration changes
accompanying the electrolysis must be taken into account to obtain
detailed solutions to the equations of motion.

Transference numbers. We have previously found that the transference

nunbers in the reference frame of the local center of gravity are

ti = ziﬁi/‘f

(80}
= 24 - L/ 2 25 Ly
k k
If, instead, the walls of the cell are taken as reference point
then 3’1 is replaced by §i + ¥ and
2 s
t, C'in;",”i z-f;/:i'z)/I
) 1106;
(o]
=0+ ’{ti
— &
Jti = cizi/ ¥/t
Using Eq. (X5 we find that
e ) a
and therefore that
¢;2, ‘ .
[ti T Z B NES ,’_15 k (107"
x “x%x 7

In the one component case, for exampie, we find that

e, = tg A

= 3.0 )
T, F oty Jtl & y2/7 “108
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Thus, the transference numbers in the center of gravity
reference system in the approximation that viscous and inertial
forces can be ignored, can be expressed in terms of the friction
coefficients Rik alone. However, the interaction with the walls causes
the transference numbers in the frame of reference detemined by the
cell wall to differ from these by an additional temm, 4t i which is
expressed in Eq. (108) as a function of the partial viscosities and of
the tg themselves.

Since viscous shear is written in terms of a tensor of the
second rank and friction in terms of a polar vector (tensor of the
first rank), there can be no interaction among them in the sense of
the Onsager reciprocal relations among phenomenological coefficients
(Curie’s Law).

Diffusion coefficients. Wwhen velocity of the local center of gravity

with respect to the walls of a cell given by Eq. (105) is inserted as

>
v

P into Eq. (78), we obtain

-t

ci VPM + Ji

i}

2(p)
Ji

i

Z; Wi - Pully L g Sad oA

(109)

]
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The fundamental diffusion coefficients measured in this frame of
reference do not in general conform to the reciprocal relations

since

(D + D=0 .+ 40 = SN, - mki (110

and, in general,

Ny =" 7%‘“ ZS. s st ¥# '—ﬁg- S_S: 95 g~ cun
s
The difficulties in removing the effect of the hulk flow in this
frame of ;eference (sirtered giass disc for example)} suggest that
it might well be avoided except for the purpose of studying the partid

viszosities themselves by obtaining 4, .

I Thermoelectricity and Thermal Diffusion

When a temperature gradient i: imposed across a multdi-
component system, a flow of matter is induced which zontinues until
a steady state composiiion gradient is established | Sdret steady
state). The quantity 'd Iln ckﬁbT L= 01_15 the steady state SOret
coefficient. If an electrolytic system iz fitted with a pair of
electrodes reversible to one of the ionic species (Fig, 3 , then
the temperature gradient gives rise to & thermopotential. The
initial value corresponding to uniform : omposition gradually change:s

as the thermel diffusion sets up a ~ompcsiticn gradient, finally
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stabilizing at the value characteristic of the Soret steady state.
The thermopotential measured in electrolyte systems can be related
(vide infra)} to the heat absorbed at one electrode and released at
the other electrode during isothermal electrolysis.

In order to examine these phenomena we return to the

o

phenomenological equations which include temperature gradients:

puy " n - I N
Vel = - kglRika - Ri,ml‘?ln T i=1....n
le = Rki
n
k;lRik "0
- -, 3
J; = - Zk LiVah = bj pey VIn T i=1....n+1
Lik = i

(n2;

(1

(g9



so that we may write (113 in the fomm

A n a . a
Ji T - l?_:—ll’ik @yhp + EV In 1)

Eq. (14} is not a complete definition of the Qﬁ since the Lik are
not independent, i.e. the §, matrix is singular. The definition is
completed below.

The reason for the choice of the form (114) may be seen

by examining the dissipation function

¢

. -, 2
- %l‘JKNTh +0f i)

1 -t A < -
- B 4@ - Shgp

it

na. A~ __‘.3
= - J, (VY -q¥VinTm
kZ=1 oA T

The relation q = 2 Jle”: is the basis for naming the Q“’: Yheats of
k
transfer.”

The independence of the dissipation function of a trans-

53.

lation of the entire system with a uniform velocity can be expressed

K <
as Zci(VT#i +Qf VIn T: =0 in an unaccelerated system at uniform
i

pressure. With the Gibbs-Duhem relation this leads to

n

* =
kz'“—:l % 7O

LY.

Qa7)
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This relacion combined with (114) constitutes a complete definition
of the Qﬁ.

If a temperature gradient is maintained until a steady state
is attained in which the matter fluxes vanish, the system is said to

be in the Soret steady state.,

- a ~ Ky
J,=0= %Likcv,rpk + QI T) (117a)

Despite the singularity in the L matrix (and the non-independence
of the forces), it may be readily shown that when (ll7a) obtains (117)

plus the Gibbs-Duhem equation it leads to the conclusion that

-
%Tﬁ;( +Q¢V1InT=0 k=1...n (117b)

By forming neutral combinations oFthe ionic species, for example
in< ® = * * ;
y%A + yéB and defining Q¥, = V)Q} + \/BQ_B we can write (117b) in terms

of the neutral components.

- b
Voptap * Qf VIn T =0 (ap)= 1...n-1 (117¢)

The n quantities Q; are related through (117) but the (n-l) quantities
QXB are independent. In a different notation which i3 widely used
Qi/r = 8* = (entropy of transport)
Ek = §f + §=(transported entropy)
where sk is the ordinary (thermostatic) partial molal entropy based
on third law calculation. For these quantities Eq. (117) takes the

form
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ch*=0
111

(1174
Z_; cigi = Ssp. (net entropy per unit volume)

In terms of the transported entropy and noting that V,r,llk = V/‘i + skv T

we can write (117b) as

-h — b
VR, +85VT=0 (117e
By taking n-1 neutral combinations we can express (1l7e) as

- ~ ~ _ = - o= - - s o =
Vvply + Yyl =g = ~ 5y VT = - (¥, 3, +/ 5T
(117F

[

o _ <A _ -
Vpkpp = = (Bpp =~ Spp) VT = - S*V' T

From an experimental point of view 6"AB is not easily measured. Since
the composition gradient ordinarily is measured and the activity co-
efficients can be obtained from isothermal measurements, the isothermal
gradient in chemical potential under conditions of the same composition,
etc. as occur in the thermocell is just what is usually obtained experi-
mentally. The S8ret coefficient ¢ may be written

o =-dlnm= }ASK“‘)BS;' (117
gt (Va 7 VpIRICL ¥ 3 In 5y 5 /3T m)y g

where the ion concentrations are conventionally written in molality units.
Thermocells. This subject has been discussed by many authors including
Holtgn (1953), Eastman (1928), :iundheim (1956) and Tyrrell (1961). The
following is similar to that given by Agar (1959).

For an alternative formulation utilizing electrically neutral

comkinations of ions, see Schneebaum and Sundheim (1861).
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An electrochemical cell with a temperature gradient across
the liquid electrolyte is represented schematically in Fig. 3 . The
copper terminals at temperature T,  are attached to the measuring
potentiometer which determines the emf under zero current conditions.
This pdential difference is given as the difference in Tjé(ro,cu /e
between two terminals. 1In a metallic thermocouple (electrolyte absent)
this quantity can be obtained by integrating (1ll7e) around the circuit,
obtaining

e(TYNT) = B, (TooMy) - B (T, M) (117h)

All experimental measurements of dP/dt or of the Peltier heat
are made on pairs of substances and gie the difference of E; in the two
materials. However, it is possible to determine the Thomsen coefficient
X = T(§§é/)T) by measuring the temperature distribution along a single sub-
stance in which an electrical current is flowing. By extension of the third
law principle to entropies of transport, i.e. assuming that §e = 0 at 09K,
the integration of (X/T) from 0 to T leads to evaluation of ?;(T,M) for
each substance (Temkin and Xhoroshin, 1952).

In the cell shown in Fig. 3 it is supposed that there may be an
electrode reaction involving the electron e, the constituents of the solu-
tions, Ai, and possibly materials Ar in phases other than the solutions. The

overall reaction for transfer of one Faraday of charge may be written as
n

1;0 YA, + g.{,z\r +e=0 . (118)

where the stoichiometric coefficients Vi are positive for redctants, negative

- e

for products and zero for substances not involved in the reaction. At equi-

1ibrium n
Ar=0= 3 Y+ 4:\4,5 * o (T),Mp) (119)

i=0
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We may then write

I
o (Toeludy = fL (T Mp) + “; 3, (T,M)) ot (120)
TO

For a similar electrode connected to terminal IT

T+ d7
PoTopCpy = Fo (T Mpy) = J (T4 AT M) + f Se(ToMyy e
(1213
TO

Subtracting (121) from (120), the observed potential difference is
calculated to be

edy = - af T, ,cu) = f Yy dF + Z‘g.d/‘r [ B,(TiMpy) - B (T,Mp )]crr (12

{The convention treats the emf as positive if the higher temperature
electrode is positive.)
If the system has come to the SSret stpady state (122a; may

be applied

e dP g - “[25- 5 “(?e ‘rfﬁ‘x’”ge”'*”nf)] dt + Zr 7 9 (12283

For a pair of elertrodes which differ only in temperature qﬂr = Sr dr
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and the last equation may be written as

e Yy, = - [Zi"§i + /X +5 ) ar (123)

when the Soret equilibrium has not been established, (123) can be

writen in the form:

e af =ea7/3t+§i‘,ui(d/‘i'+§idr) (124)

This may be transformed by applying the condition for zero current

and the definition of the transference number

I=e§ziji=0

e 2; zizk Lika

1

-e%VTﬁ]’(Zi Ly —:-]-l:-

t
.Y k3
0= -2 9k

RN &
Subtracting this expression from (124) and using d/‘«; = dppy ¥ 5,dT + z,e d?
edV=edP +)€ (V) = t4/2,)(dgp, + S* dT) (125)
§

in which the unmeasurable term d? has been removed. We may now form



electrically neutral combinations of the species of the sort 4o Hiak
. - . . 2 {al
Yid; * Vjﬂj Py Eq. (125) describes the instantaneous
potential as an initial potential:
€y
= - ek A
ed% Qdyjst }'E 5o 57 &
1
- - 4/
which is progressively modified by a dif:usion potential Z:){ deﬁ
until the Sbret steady state is reached vher. 4% = d?&t,
The Peltier heat,'ﬁr, which is the heat extracted from

one electrode and released at the othe» during an isothermal electro-

lysis, may be expressed by constructin™ an entropy balance at one ‘
electrode
= % % . om by . ST = f 5 ¢ 3
T ZiJiQi * Qg LS ZYIS, T SN (126)

xl

it is easily seen hat this impiies that

e

ecd;lr/cmf: A 1 7)

inivial
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II. Experimental Methods

The determination of the various phenomenological coefficients
as functions of temperature and composition for fused salt systems
is not different in principle from that for other liquids. Never-
theless, some special problems arise from the absence of a well
defined solveant, from the high temperatures and, in some cases, from
the magnitide of some of the coefficients. In this section a brief
account of methods which have been founc¢ useful is given. For details
of the careful and frequently difficult measurements, the reader is
referred to the criginal papers. A selection of data is given in Tables JI-VI1

The principal methods establish a stationary state of

shear and deftermine the proportionality coastant between the rate
of shear eond the force required to maintain it. MacKenzie (1958}
has surveyed a number of experimental methods saitable for fused salts,
slags and nwoliten metals.

Poiseuille's Law applied to the Ostwald viscometer was
used by Goodwin and Mailey (1907). In this type of instrument the
’ smail kinetic energy connections are required to allow for the term
in grad ﬁv2/2, which was dropped from the convective derivative In
the Ubbelohde-Bingham mcdification as used, for example, by Bloom et
al, (19;;), the experimental design makes such corrections unnecessary.

Another experimental arrangement rotates two concentric
cylinders with respect to each other sc that the liquid in the annulus
is maintained in a state of shear. The torque required to maintain a

constant relative angular velocity is a measure of the viscosity. This
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method is particularly suitable for liquids of high viscosity, such
as glasses and slags. In one modification Bockris and Lowe (1953)
rotated the container and measured the torque on an inner spindle
by balancing it against the torque produced by an electromagnet in
the field of a permanent magnet.

The damping of the torsional oscillations of a disc pro-
duces a logarithmic decrement in the oscillations which is an index
of the viscosity. An oscillating disc was emploved by Lorenz and
Hocﬂberg (1916) and an oscillating sphere by Dantuma (1928) and by
Jaeger (1930). The logarithmic decrement of the rotating cfucible
containing the melt has been used by Vetyukov et al. (1960) and
by Janz and MacIntyre (1962).

A variation on the falling body methods based on Stoke's
law was employed by MacKenzie (195‘9 in which the falling sphere was
partially counterbalanced.

Schematic diagrams of the various methods are shown in
Fig. 4. MacKXenzie (1959) recommernds the capillary method described
by Bloom et al. for fused salts of moderate viscosity.

The viscosity of most fused salts falls in the range 0.5 to
5 centipoise. Some representative values are given in Table II.

Some attention has been given to the change in density that
accompanies increasing temperature at constant pressure. Jobling
and Lawrence (1951) have remarked that the energy of activation at
constant volume rather than at constant pressure should be employed
to avoid spurious volume effects. (See also Collins, 1957).

MacKenzie (1958) points out that viscous flow is a passage
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from one equilibrium position to another in the preferred direction
of an applied stress. This movement requires that positions, i.e.
"holes™ be available in the liquid structure. The total activation
energy may then be considered as consisting of two parts:

1. the energy required for establishing the hole and

2. the energy required for the moving unit to move into the hole.

If the total volume of the liquid is kept constant then
the amount of free volume may be thought of as remaining approximately
constant as well. Therefore, the energy of activation at constant
volume is only that which is required for the moving units to move
into this fixed amount of free volume. MacKenzie has collected to-
gether the available data on energy of activation for viscous flow
at constant volume. He has furtghgr remarked that in these cases the
ratio of the eneryy of activation at constant volume is only a small
fraction of the energy of activation at constant pressure, being
0.2-0.5 for a number of unassociated liquids and 0.7-1.0 for a number
of associated ones.

Bulk viscosity: This occurs in radial flow from a

source and involves changes in the shape of a volume element as it

moves outward along a sector. One method for measuring the coefficient
of bulk viscosity is based on the determination of ultrasonic absorption.
The coefficient of absorption of ultrasonic energy, of , is expressed
(see Herzfeld and Litovitz, 1959) as

I A A (128)
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provided that there is a rapid exclange of energy between external
and internal degrees of freedom. (Here f is the frequency, and

¢ is the velocity of the sound waves, 4 is the coefficient of shear
viscosity and & the coefficient of bulk viscosity.) In most fused
salts, there is reason to believe that this condition is satisfied,
Higgs and Litovitz (1960) have determinzd the ultrasonic absorption
and dispersion in several fused salt systems (Table III). They
interpret these fresults as follows: they conclude that Bq. (128) is
probably valid for simple fused salts and that ¥ is more sensitive
to variations in structure than is H They view their results as
showing that the bulk viscosity is in some way related to the entropy
of fusion, suggesting that some type of further lattice melting is
required for the lattice rezrrangemenis which occur in the structural
relaxation process of both isnic and organic liquids.

3. Electrical Conductivity

The specific zlectrical conductivity of most fused

salt systems is of the order of 1 ohm'lcm'l. In order to achieve accur-

acies of the order of a few tenths of a percent with conventional con-

ductance bridges, cell constants of a few hundred cm'l

are required. For
this purpose, capillary type cells are gencrally used. Representative
designs are shown in Fig. 5. Pyrex or quartz bodies with platinum or
molybdenun electrodes are usually employed although other materials have
been used for very corrosive melts (e.g. Bajesy, 1962). Concentric matal
spheres or cylinders have been employed although with some loss in
accuracy. Because the temperature coefficients tend to be a few tenth of a

percent per degree, the cell and its contonts must be held at a temperature



uniform at least to a few tenths of a degree over the cell and also
measursd to the same accuracy. Since equivalent conductances ape
usudally sought, measurements of density over the same temperature range
and to the same accuracy are required.

Alternating current Wheatstone Bridges are ordinarily used.
No frequenty affect has been detected aside from that due to alectrod:
capacitance and lead reactance. Plotting the apparent resistance
against the reciprocal of the square root of the frequency and eatra-
poiaring tvo infinite frequency is usually considered adequate to eliminate
vhese effects. However, see Hills (1962, No significanv polarization
efferrs at +the electrodes have beén encountered.

Oxides, borates, silicates, etc., often display ~onductivities
uf the order of several hundred zm'l requiring cells of other tvypes.
A four verminal cell in which the IC current and potential drop in
the .ell are simultaneously measured is sometimes used for these systems.

Details of recowsmended experimental procedures may be found
in papers by Van Artsdalen et al. (1955), Tomlinson (1359 and Bron-
stein 11962).

It has become common practize to compute an apparent activa-
t ion energy for electrical migration from the slope of a graph of the
logarithm of equivalent conductance versus the reciprocai of the
apsolire temperature. Attempts are frequently made to relate the
ipparent. activarion energy obtained in this way to energy and entropy
chanyes of postulated unimolecular ratce processes. However, such
a proedure overlooks the important fact that the density of the

sal: ~hanges wirh temperature, so that the spacing end hence vhe
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energetics of any proposed mechanism must change with the temperature.
That is, the dependence of the equivalent conductance on changes of
temperature carried out at constant pressure may be viewed as the sum
of the change due to the change in temperature at constant volume plus
that due to the change in volume with temperature. The usual discussions
of the effect of tempmrature on conductance ignore the second tern.
Direct measurements of this quantity are not available. However, the
compressibilities characteristic of liquids suggest that profound
energetic changes are probably associated with volume changes. Consequently,
activation energies and similar quantities derived from the temperature
coefficient of electrical conductance should be viewed with skepticism.
Of course, the fitting of data to an approximate equation of this form
provides a convenient means for rough extrapolations with a two para-
meter equation. Representative experimental results are given in
Table IV.

C. Current Efficiency

The transport of electricity by the migration of ions
is associated with chemical changes at the electrodes (the terms
involving the divergences in Eq. (11). The amount of chemical change
produced at an electrode divided by the change expected on the basis
of the postulated electrode mechanism is called the current efficiency
of that electrode. Thus, Faraday's Law states that the current
efficiency of an ionic conductor is 100X. Deviations from such
efficiencies may come about for two reasons. 1In the first place, the
electrode reaction may be incorrectly identified. 1In the second place,
there may be a mechanism of electrical conductivity which
does not entail material transformations at the electrodes, i.e.

electronic conductivity, as in the case of metal. A further
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complication sometimes is encountered in fused salt systems. The
electrode products may be soluble in the salt, e.g. sodium in molten
sodiun chloride. Since the material produced at the cathode dissolves
in the melt, it is difficult to be sure about the amount produced by
the electrode reaction.

The relative probabilities of electronic vs. ionic charge
transfer through the liquid should be viewed as being essentially
distinct from the relative probabilities of electronic vs. ionic
charge transfer across the boundary from the liquid to the electrode.
Electrodeless conductance measurements, e.g. with inductive coupling,
such as employed by Yosim et al. (1962), should make it easier to
separate the two steps.

In any event, experimental measurements of current efficiencies
have led to the following results: All fused salts that have been
studied thus far have displayed close adherence to Faraday's Law
except for SbeSa, CupS and CugS/FeS and Fe0/SiO, where the current
efficiencies indicate that ionic and electronic conductivity (possible
p type semiconduction) occur simultaneously. It has been suggested that
a small amount of electronic conductivity occurs in all molten salts
as in all solids, but that only in very poor conductors in which the
electronic component is particularly high is it possible to detect
its presence. No results have been reported to date on the very

interesting metal-molten salt solutions,
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D. Detemination of Transport Numbers in Fused Salts

The complete definition of the transport (or transference)
numbers of the ionic constituents of a fused salt system requires the
identification of the reference point used for the ionic velocities.
Two early studies are of interest: Lehrman (1885) observed the migra-
tion with respect to the glass slide of crystals of silver,
of bubbles and of crystals of silver iodide in molten silver iodide
undergoing electrolysis under a microscope between Pt electrodes.

He noted that all of these migrated in the same direction as posi-

tive electricity. Lorenz and Fausti (1904) carried out a series of

Hittorf type experimental tests through porcelain membranes for solu-

tion of PbCle in XCl and NaCl with poor results. Warburg (1884) determined
trans ference numbers of ions in glass and quartz by visual determination

of the extent of penetration by the ion and concluded that only the
cations were mobile. A summary of a number of early, but inconclusive
experiments is given by Lorenz (1905).

The design of modern experiments is to a considerable
extent concerned with preventing gravitational forces from causing
a "flowback" which tends to obscure any movement of the salt, That is,
in the simplified experimental design pictured in Fig. 6, flow
of electricity causes a movement of the salt with respect to the
electrodes if no further precautions are taken. However, gravity
causes the liquid levels in the two arms to remain equal. Most
transference number experiments introduce a membrane of some sort

between the armms of the cell to minimize the effect. The selection
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of the membrane material is a compromise between sufficiently low
electrical resistance and sufficiently high hydrostatic resistance.
Aluminum oxide, Pyrex, quartz, asbestos, corundum, boron nitride,
etc. have beaen used for this purpose. The motion is detected by direct
weight change on each constituent [xarpechev and Pal'guev
(1949), Delimarskii et al. (1955), Sundheim and Harrington (1957),
Xeliogg and Duby (1963) ], motion of an indicator bubble [tuke and
Laity, (1955) ] or of the bounding surface of the system {.Bloom and
[oull (1955), Lorenz and Janz (1957) ] . A moving boundary method
['Duke and Crook (1958) J may be employed if following salts of appro-
priate density can be found. Radiotracers may be used to follow motion
of the salt across the membrane I:Wirtz (1957), Frank and Foster (1957),
Duke and Fleming (1958) ]. An ingenious method has been proposed
by Xlemm (1960) in which the steady state of simultaneous trans-
ference and gravitational flow are balanced. By determining the
hydrodynamic and electrical resistivity separately, the electro-
migration mav be identified.

For mixtures any of the above methods can be used coupled
with determination of concentration changes [Duka and Fleming (1959),
Laity (1957) ]. In addition, the emf of various cells with trans-
ference (see below) may be used to give information.

A summary of experimental results is given in Table V.
At present the reliability of any set of measurements as estimated
for its reproducibility and comparison with results found by other

methods i3 rarely better than about 15%.
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E. Diffusion

The methods of determination of diffusion coefficients in
fused salt systems differ from those suitable for low temperature
systems only with respect to the precautions that are often necessary
because of the corrosive nature of some melts, because of the volume
changes upon melting and freezing and because of the greater difficulty
in avoiding convection due to temperature gradients. To date few
interdiffusion coefficients have been determined; most studies have
been restricted to self-diffusion coefficients.

Yang and Simnad (1959) have surveyed some of the principal
experimental techniques. A diffusion couple method has been employed
by Towers, Paris and Chipman (1953) and by Towers and Chipman (1957)
to study self-diffusion of Ca and Si in slags. In one set of experi-
ments a column of molten slag containing the radiocactive tracer was
brought into contact with a second column of unlabeled material.

After a fixed time the system was quenched and the distribution of
radioactivity in the solid rod determined. Volume changes accompanying
the freezing process make this unsuitable except for approximate
measurements unless the volume changes are known to be very small.

A significant imprerment is afforded by the "vacuum
bubble"™ technique of Angell and Bockris (1958) and by Bockris and
Angell (1959). The two columns are brought into contact by collapsing
a small gas bubble which separates them initially. At the end of the
fixed time the columns are separated by breaking the containing tube
at the same distance from the closed end of the tube as the initial
bubble was collapsed. The two separate halves may then be removed

for analysis without modifying the distribution of tracer between



68.

the two halves by volume changes upon freezing.

The method of Anderson and Saddington (1949) in which the
labeled material is allowed to diffuse from a capillary closed at one
end into a hath of unlabeled material has been adopted to fused
NaNOs (both ions) by Van Artsdalen et al. (1956) and by Borucka et
al. (1957) for fused NaCl. Djordjevic and Hills (1960) made use of
diffusion out of a porous disc to determine the self diffusion
coefficient in molten Nag(Os.

Measurements of interdiffusion have been made by McCallum
and Barret (1952) who measured the concentratrion variations in a
molten silicate diffusion couple by freezing the couple and determining
the gradient in the resulting glass. Interdiffusion coefficients
where one species is quite dilute are readily measured by chrono-
potentiometry. The relevant theory and techniques are discussed
in Chapter IV. Table VI summarizes the data on tracer diffusion and
and Table VII that on interdiffusion. Fig. 7 shows some experimental
designs.

F. Experimental Methods for Themoelectric Measurements

For one component fused salts, measurements of the thermo-
electric power can be readily carried out, e.g. Sundheim and Rosenstreich
(1956), Nichols and Langford (1960) by some sort of differential
heating arrangement (Fig. 8). The transported entropy of the
electron ’§e(r,u) has been estimated by integration from 0° to T
of the Thomsen heat divided by the temperature. The Thomsen heat is
obtained by combining experiment, extrapolation and the assumption
that ge = 0 at T = 0 and in any superconducting metal. The value
estimated for :§e( SO009K,Ag) is .05 cal/deg/mole and hence may be



69.

ignored in the present application. Then the third law entropy of

the electrode material may be combined with the experimental thermo-
electric power to obtain §i for the ion to which the electrode is
reversible (= §g z3/22). The available data are summarized in Table VIII.

The only thermoelectric measurements reported thus far
on multicomponent systems is the report on the initial thermoelectric
power of the AgNOs/NaNOs system as a function o composition (Schnee-~
bauvm and Sundheim, 1961) and the observations of approximate SBret
coefficients by Nagoura and Sasaki (1956).

A technique for the determination of the thermoelectric
power in the Sdret steady state has been devised (Xellner and Sundheim,
1962) in which theeffects of convection are minimizgd by holding the
salt within a porous plug. One side of the plug is closed by an
electrode held at one temperature; the other is in contact with a
stirred liquid reservoir held at a second temperature. The evolu-
tion of the emf can be followed as a function of time and the final
composition gradient determined by quickly making the temperature
uniform and measuring the diffusion potential.

Direct measurements of the Peltier heat in fused salts
are feasible but have not been reported as yet. Thermal conductivity
data is very limited. As a rough estimate, the values for many
salts are of the order of that for liquid water at room temperature.
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III. Discussion

A sound theory of transport processes in liquids is
scarcely feasible at present in view of the rudimentary nature of
extant theories of the equilibrium properties of liquids. Fused
salts offer further difficulties over simple liquids since there
are at least two different species and long range as well as short
range forces to deal with, | Thus the time is far from ripe for
a priori quantitative theories. Rather, we must content ourselves
with a comparison of fused salts with simple liquids and with
comparisons of the properties of one fused salt system with ancther.

A. Pundamental Theories of Liquids

The transport processes with which we have been con-
cerned here are all irreversible in nature. In view of the time
reversibility of both the classical and quantum mechanics, one
must conclude that the phenomenological, macroscopic irreversibility
must be statistical in nature. In general one considers systems
which are only slightly removed from equilibrium and studies the
rate of return to the equilibrium state. The properties of a one
component fluid are described sufficiently for many purposes by
giving two distribution functions, i.e., the pair distribution

function n, Which gives the probability of simultaneously finding
particles in two given volume elements and the velocity distribution

function £ which gives the probability that a molecule has a velocity
in a given range,(e.g. Green,1960),
For example, diffusion can be described beginning with

the calculation of the relative velocity of two molecules
- » - 3
u,-up * f('fa/"a) Vg dv, - f(fb/nb)vb dvb = - DV(na/nb) (129)
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The calculation of f as a function of position and initial conditions
would be sufficient to allow computation of the thermal and self-diffusion
coefficients. The microscopic structure of the fluid enters indirectly
into this expression in that the evaluation in terms of the local
distribution depends upon the fact that the mean free path of a molecule
is so very short that the distribution of relative molecular velocities
is strongly dependent upon the relative positions in the liquid. With
the aid of Liouville's theorem, a set of differential equations can
be written for the distribution functions of substances of h of the
N molecules. As Collins and Raffel remark, "There is no requirement
implicit in this equation which assures that the average forces acting
will lead to a drift of t-:he system toward thermal equilibrium instead
of away from it and no progress has been made in solving it in the
absence of additional assumptions.™

One method of proceeding which was developed by Xirkwood
( 19i6) is based on extension of the concept of Brownian motion to
molecules. That is, the average forces felt by a group of mole-
cules due to their introduction with the remaining molecules is similar
to the average frictional force which is proportional to the pecular
velocity (velocity with respect to the local center of gravity).
By a process of averaging, it is shown that the particle carries out
a random walk in velocity space just as in physical space. The
Fokker-Planck equation obtained in this way is a time-irreversible
equation for the distribution function. A characteristic quantity
appearing in this theory is the friction coefficient ¥ . Xirkwood

devised an explicit but rather intractable formula for ¥ on the



basis of molecular theory. The various transport coefficients may
then be expressed in terms of the friction coefficient and various
-integrals over the pair potential.

o A different fundamental approach is adopted in the fluctuation
dissipation theory (Xubo, 1957). Here the response of the system to
an external force is treatediby a perturbation method. The transport
coefficients are expressed in terms of the fluctuations in the dynamical
fluxes at equilibrium, Time‘irreversibility enters this theory by the
omission of higher terms in some of the expansions.

A number of other studies have been made which proceed
from some sort of modification of the Maxwell-Boltzmann equation.
Reviews of theories of transport properties include those by Rice and
Frisch (1960), .Collins and Raffel (1958) and Green (1960).

- A recent discussion specifically concerned with transport
in ionic melts is given by Rice (196/). The system is taken to be a
so~-called ideal ionic melt which consists of oppositely charged ions of
eQual size and with identical internal properties (except for the sign |
of the charge). For this system the problem under consideration reduces
to an equivalent one compcnent system. In view of the high energy

of configurations which bring ions of the same charge close

together, it is assumed that hard core encounters between like ions

may be neglected. The development is based on a theory of Rice and
Allnatt (1961) for the singlet and doublet distribution functions.
The essential dynamical event is taken to be a hard core collision

of a pair of ions followed by a quasi-Brownian motion under the influence

of the fluctuating field cof the neighboring ions. By a series of

o i B . AL St
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plausible but unproven assumptions, it is concluded that only the

short range forces are important in transport processes, so that vis-
cosity, self-diffusion and thermal conductivity of liquid XCl1, for
example, may be ccmpared with those of liquid argon ( Ar is isoelectronic
with X* and C17j. Moderately good agreement with experiment is

reported.

In other words, the transport properties of fused salts
(except for those related to electrical conductance) like many other
properties of these systems show very little difference from those
of liquids which do not involve long range Coulombic forces. (The
long range and relatively great strength of this Coulombic potential
lead to large cohesive enefgy densities of fused salts but affect
few other properties.) ‘

Yet another method of dealing with the statistical mech-
anical derivation of transport makes use of perturbations to the equi=
librium distribution functions (see Bearman, 1961). The expression
for the mean friction force experienced by a molecule of shear in a
system of j components undergoing one-dimerisional isobaric isothermal

diffusion is

= (1,1)% . (2,1) _ 62 148

F 7 1/2 lEf c (r/r)dv, /dr *=/d°r
</> /8/ Ny = 9,

Here %‘ is the concentration of species‘ﬂ . The potential of inter-

‘molecular force,xg?, » derends only on the intermolecular distance r;

 effects of orientation and internal degvees of freedom, if present,

are assumed to have been &veraged out. The equilibriur radial
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distribution g“;é’

0) . exp(-W, , /kT) where W,()cS is the potential of

mean force acting on a molecule of species « near a molecule of species
,B. The quantity g(z’l>

pair distribution function and the equilibrium radial distribution

is the difference between the non-equilibrium

function. If this perturbation is expanded in a plausible form and
treated as a linear function of the velocities, trensport expressions
can be obtained which have the form of the phenomenoclogical equatioﬁs.

After the coefficients are identified by comparison with the

phenomenological equations, the transport properties are expressible

in terms of the perturbatibns. These in turn must be obtained by
molecular theories. A significant simplification is afforded by |
assuming that the radial distribution functions ave independent

of é;mposition at constant temperature and pressure and that the volumes
are additive. Then particularly simple expressions for some of the
transport quantities are obtained.

At a less fundamental level two other approaches to trans-
port in liquids are widely used. Tha hydrodynamic model pictures a
moving nolecule like a particie moving through a fluid which offers
frictional resistance tc the flow. Thus a mobility is assigned tc
each particle on the basis of Stoke!s law, so that the response tc
vé;ious external forces can be immediately wrkter down.

The Eyriag transition state theory has been applied to
liquicd systems by Eyring and his collaborators. In its original
fory (e.g. Glasstone, lLaidiler and Eyring, 19413, it is based on a
quasi-'cr;lstalli:ne rodel of tha liquid. The elementersy step is taken:

t.c be a jump into a vaceni: position. The rate of wich jumps is

S A v

i o st SIS
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discussed in terms of the activation energy required to overcome the
potential energy barrier found by the surrounding species and the
rate at which such a barrier can be crossed (an interesting critique
of this model and its relation to the statistical mechanical formu-
lations has recently been given (Bearman, 1961)). In order to extend
this model to fused salts we note that the quasi-crystalline structure
implied by the model is particularly appropriate. However, the low
probability of finding a cation vacancy adjacent to a cation implies
either that the activation energy will be high and the jump frequency
low or that the elementary step involves the cooperative adjustment
of a number of ions. This sort of formulation has been explored
by Rice (1958) for solids. Recently, the "significant structures®
theory (Eyring, et al., 1958) has been proposed. Here the crystal-
like regions are imagined to be intermixed with gas-like regions.
The effective perturbation function is obtained by a judicious mixture
of these two extremes. It seems likely that the introduction of a
further parameter (the relative proportion of the two types) will
improve the results. The important drawbacks of this theory are its
ad hoc character and the difficulty of clearly assessing the nature
of the approximations involved.

B. Principle of Corresponding States

In order to use any of these rather general theories in
discussing the properties of molten salts, it is important to decide
under what circumstances the properties of different salts should be
compared. That is , is there a law of corresponding states for the

transport properties of molten salts?
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It is interesting to note that very different liquids
sometimes may have similar transport properties.

Apparently, the ;ature of the molecular intereactions does not, per
se, permit prediction of the viscosity, for example.

Dimensional considerations (Hirschfelder, et al., 1954)
and analysis of the molecular basis of the transport properties
(Rice and Frisch, 1960) have been used to prove that simple
liquids, i.e. those composed of spherical molecules interacting with
two parameter potential energy functions, do in fact possess transport
properties which are functions only of the reduced temperature
and volume. It is possible to extend the dimensional argument
to polar molecules (Rowlinson and Townley, 1953) and to elliptical
ones.

In order to consider the possibility of there being
a reduced equation of state and reduced transport parametevs
for molten salts, we examine the form of the potential energy
function. The simplest model which might reasonable be expected
to reproduce the principal features of a simple molten salt con-
sists of two sets of hard spheres of radius ry and T, respective-~
ly and bearing the charges z,e and z €. In this approxima-~
tion the short range dispersion forces, polarizability, etc.
are ignored and the total potential is taken to be the sum of

pair potentials.
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Vo= X Ui (Tiy)

ivk
UppiTyp) = Uy o(TyyF)y291% 917 0)

The thermodynamic and transport quantities will be functions
of the variables Ty5Tps%q s%5,My My and kT. These may be written in

3 2
1/ ),ml/mQ,zl/zz,zlzze /(rl + 1, )KT

dimensionless groups as rl/rQ,rl/V
which may be used to define a reduced volume,'v/ri = V* and a reduced
temperature, ™ = T(rl + r2)k/(zlz2e2). Two salts characterized
by the same values of rl/rz,zl/zz and ml/m2 would have the same thermo-
dynamic and transport values at the same reduced volume and temperature.
However, just about all data available are taken at constant pressure, 8o
that it is generally not possible to find data at corresponding
states. It would be helpful if experimenters would give more attention
to constant volume measurements.

The melting point (approximately the triple point) may be
used as a corresponding temperature. Selecting the alkali halides
with nearly the same values of rl/PZ’zl/ZZ’ml/mQ (from crystallo-
graphic radii) we find that their reduced melting points and reduced
densities at the melting point compare fairly well.

A reduced equation of state for ionic salt has been obtained
recently by Reiss, Mayer and Katz (1961) by an approximate analysis
of the configuration integral. They have noted that the close approach
to each other of ions of like charge is very unlikely, separation by

an ion of opposite rharge being the practical closest approach. Here

the centers of the like cores are separated by 2{rh + rb' . Naturally
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the closest approach of ions of opposite charge is (ry + 7). If

the system may be treated as a set of hard spheres on which the
Coulombic potential is superimposed, then the potential energy function
for the system can.be characterized by a single distance scale factor,
namely v, +t 1 For, With this simplification, the equation of state

of a symmetrical salt of valence z may be obtained in terms of the

reduced variables:

it

7 =TT,

T = rfﬂ/z = reduced pressure
[a= rrT/z = reduced temperature
7 = v/rS = peduced volume

" For example, the authors calculate that the melting point

of many symmetrical salts is given by

T ¢ 5/e(3.19 x 1077)0K

The rough success of this theory /Table IX } provides a basis for
selecting corresponding conditions‘to compare transport properties of
different salts, since we expect that a similar rough corresponding
state theorem will hold for transport properties.

Some inveresting conclusions of a general nature have been
drawn by Rice 1962, by examination of relaxation behavior of a
simplified ioniec melt, For simplicity, the fused salt is considered
to be composed of oppositely charged ions of equal size and charge
and with identical electronic proportions (except for the sign of the

charge, For this system the problem under consideration recduces
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to an equivalent one species system. The equilibrium properties of this
ideal ionic fluid have been examined by Rice and Allnatt (1961) who
have obtained approximate expressions for the equilibrium singlet

and doublet distribution functions.

The same authors consider the transport properties as well.

The separation of force fields into short range (hard core) and long
range (Coulombic) potentials leads to a transport equation containing
both Boltzmann and Fokker-Planck types of terms. A plausible but
non-rigorous argument leads to the conclusion that only the short
range forces make significant contributions to the friction coefficient.
In fact, the transport coefficients can be reasonably well correlated
with those of inert gases. Thus, K, C1~ and Ar are isoelectronic

so that we find liquid KC1 and liquid Ar may be expected to resemble
each other at corresponding densities. The tracer diffusion
coefficient of argon at its melting point is found

to be 2.07 x 10°5 cmz/sec at 84.6% (Corbett and Wang, 1956), which
is certainly within the general range expected for the self-diffusion
coefficients of KCl near its melting point.

Similar conclusions were drawn with respect to the themal
conductivity and viscosity.

A form of a law of corresponding states for transport
properties of simple fluids can be derived in several ways from
transport theories (cf. e.g., Rice and Frisch,1960), For a one
component liquid the result is that if the potential YTR; takes

the form
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U =EYNR), then
p* = p M2/ V%
y* = 7¢.2/ VRE
P*=9% Vag
k% = KREY 2 nit/20 2

Each of the reduced quantities is a universal function of the reduced
temperature and pressure (or volume).

T*= KI/E 3 V*=V/o®; p*= pr/E

The theory is eipected to be only very approximate since the coefficients
seem to be quite sensitive to the details of the potential energy
function.

C. Phenomenological Coefficients

If we pass from the mechanistic description at the molecular
level to a non-specific macroscopic descrifion, we are led to the
linear phenomenological equations. Their formulation, as described
in the beginning of this chapter, may be viewed as follows: The
relation between the forces and fluxes is certainly valid only for
not too large departures from equilibrium. For example, at high
electric fields Ohm's law will no longer be obeyed, for a high enocugh
tem;;erature or composition gradients local themodynamie functions
nay Anot even be definable; for chemical reactions the linear law
is frequently not even approximately followed. Thus it is important
to determine the domain of applicability of the linear approximation.
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Except for studies of the Wien effect, systematic experimental
examination of this question has not been carried out. Departures
from the linear laws ordinarily are represented in terms of the
non-constancy of the transport coefficients as functions of the
paramsters of the system. Provided that these variations are not
too large, it is certainly more convenient to retain the linear
expression by this means.

With regard to the Onsager reciprocal relations, two points
of view may be taken. On the one hand the theoretical foundations
may be thought to be unquestionably sound and experimental verifica-
tion is then either redundant or, in fact, tests the experimental
method. On the other hand, it may be held that empirical examina-
tion is required. This matter has been examined by Miller (1960),
who has concluded that the available data support the view that the
Onsager relations correctly describe the observed situation within
the limits of experimental error for a wide v;riety of systems.

Accepting the validity of linear formulation and of the
reciprocal relations, we must then enquire as to the nature of the
conclusions that can be drawn from experimentally detemined values
of transport coefficients. It is clear that no deductions can be
drawn about either structure or mechanism of transport without the
use of a model. This point would seem to be too well understood to
belabor it. However, the nature of the model being employed has
often not been made explicitly with the unfortunate consequence of
carrying into one field from another relations and concepts whose

applicability has not been carefully examined. Thus the concept
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of a well defined jump from a site to a vacancy as constituting the
elementary step in diffusion arose in the study of crystals. Its
utility in fused salt systems, for example, is to be determined on
its own merits and not simply assumed. Similarly, partial ionic
conductances and their relation to diffusion coefficients have been
discussed in temms of gpecific models for various solids and solutions,
On passing to a new system such as a one component fused salt the
operational meanings of the quantities involved need to be examined
and compared with the properties of various models.

It is strongly recommended that scientists writing on these

topics take special pains to identify clearly their basic assumptions.



Table I. Relations between Phenomenological Coefficients

ik
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The figures in parentheses refer to pertinent equations in the text.



Table II. Viscosity

Salt ﬂ (poises) T (°C) Evi.c.(xcal/nole)
NaCl 9.1
NaBr 8.0
XCcl 7.4
XBr 8.0
PCle 2,22 650 6.7
PbBro 3.73 500 6.2
cdCle 2,03 650 4.0
agcl 2.08 500 2.9
AgBr 2.83 500 3.1
References:

B. Harrap and Haymann (1950)
Dantuma (1928)



Table III. Bulk Viscosity

salt | P- Centipoise 1°c
LiNOs 9.89 262
7.95 300
4.81 379
NaNOs 1.3 310
8.2 350
6.9 449

AgNOs 24.4 213.5
19.9 251
15.0 327
XNOs 27.0 336
21.6 393
20.7 439
cdCle 4.4 574
3 . 8 613
3.3 650

X NaNOs/1-X KNOs

= 0.2 19.5 302
15.4 375

X=0.5 15.0 280
9.9 373

X=0.8 1.1 276
8.2 396

Reference: Higgs and Litovitz (1960)




Table IV. Zonductivity Data
Substance Temp. Range Conductivity Remarks Ref.
' A= a+bt®-otinlend

a b.20¢8 c-10°
LiCd 630-790°¢C +0.5282 1,125 4,554 1
LiBr 555-750 +1.0095 0.7834 2,057
LiI 475-670 -0.578  1.348  9.695
NaCl 810-1030 -0.1697 0.6259 1..953
NaBr 750-960 -0.4392 0.5632 1.572
NaI 675-915 -0.8202 0.5940 1.976
XC1 790-930 ~1.7491 0.738 3.000
XBr 737-960 -3.2261 1.0124 4.828
I 720-920 -1.7200 0.6408 2.965
RBC1 730-935 -1.8097 0.6176 2,3985
RbBr 700-905 -3.0505 0.9104 4.510
RBI 655-885 -1.0798  0.4055 1.6305
CsCl 650900 -1.8023 0.5628 1.765
CsBr 644-860 -1.4.37 0.4255 1.228
CsI 640-865 -1.3313  0.3958 1.305

A .(LJ dm'j
MgCla 720-960 1.165 + 0.00195(t~800) 2
CaCla 760-960 1.96 + 0.0035(t~600)
BaCl, 760-1080 1.440 + 0.0031(t-800)
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Substance Temp. Range Conductivi Resarks Ref. ?
A=y O"W“i.nf%m"r .
P B |

NaNOs 290-450 13.2 2.60 Xcal/mole 3

NaNOg 320-450 13.4 3.12

XNOs 350-500 8.55 3.15

C4Cle $00-700 6.52 2.20

Cdla 490-700 25.3 6.34

LiF

NaF

KF
A - at A ev(ﬂ*/ﬂ‘
Y AR xa

LigC0s 740-850 3.372 3.94g 5

 N3g(0s 805-970 13.757  3.87y

XgCOs 910-1010 11.014 3.89,
Aeq = Ay .—m* /RT
Ap e

NagCOs 865-970 493.4 417

'Xg(0s 910-1010 544.8  4.65,
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Table V.
Transference Number Data




# , 1 2 3 4

salt: LiNOs NaNOs NaNOs NaNOs

t,(exp)s 0.84%.06 0.71%.01 0.68%.05

t_(exp): 0.30

tM_ /MM s 0.90 0.73 0.73 0.73 j.

frye -0.06 -0.02 -0.05 -0.03

r_z,
Y% vgez, 0.8 0.7 0.71 0.7
o
r_(A): 2.3 2.3 2.3 2.3
o 4
r;(A): ' 0.60 0.95 0.95 0.95
Temp. : 3500 350° not 3240-4)3°
given

Cell design: U tube with 1 tube with XNOs cathclyte bubble cells §
ultra-fine ultra~fine U tube with vertical capil-
disc disc ultra-fine disc laries

Electrodes: Ag-AgNOs cap- Ag-AgNOs cap- Pt "Na electrodes:™
illary connec-~ illary connec- Ag/AgNOs external
tion tion through Ma con-

ductir« omcela

voluné AN\(TE nge andlysls -
in capillary of in capillary of olyte for Nd* (huhble diapllce—
cathode compart- cathode compart- ment and in ocap-

ment ment illa
“RemaATKE" o EI3Et?6EE‘!8lEr‘“‘F?!!§z¥5T871ﬂr""“'

tions not con- temperature
sidered effect

Reference: (5) {5y {13) (23)



Salt:
t+_gexp):

t_.exp):

t, MY

Cell desigp:

Electrodes:

Measurement::

Remarks:

Reference-

NaNOs

0.251 .02

0.73

+0.0

0.71

2,3

0.95

3249-4130

bubble cells §
vertical capil-
laries

"Na electrodes:"
Ag/AgNOs external
through Ha con-
ducting porcelain
vclume change
(bubble displace-
ment and in cap-
illaxy)

porcelain frit,no
temperature
effect

(23,

6
XNO 3

0.60:%,03

0‘61

=0.01

0.63

2.3

3507

@ tude with
ultra=-fine
disn

Ag/A3N0s cap~

1lla»y acnnec~

tion

volune change
in cap:llary
of catiode
comp irt:aent

5)

0.59%,02

0.61

-0.02

0.63

2.3

1,33

not
giver:

G tube with
ultra~-fine
disc § NaNOs
cathclyte
Pt

analysis of
catholyte
for xt

elactrode
reactions not
cansidered

(13)

0.55t.04

0.42

+0.17

0.61

2,3

1.48

not
given

U tube with
ultma-fine

disc § RaNOs
catholyte

analysis of
catholyte
for

reactions not
considered

(13)



Salt:
t,(exp):
t.(exp):

€, MM

e, :

rz
e
¥_Z,9Z_2Z,

(a

Cell design:

Electrodes:

Measgurement:

Remarks:

Reference:

0.59%.07

0.32

+0.27

0.58

1.69

not

given

U tube with
ultra-fine

disc § NaNOs
catholyte

analysis of
catholyte
for C

alectrode

reactions not
nconsidered

{13)

10
Cs NOs

0.398%.004

0.32

+.08

0.5¢ -

2,3

1.69

4600

tube with
#ritbed disc
cathode.Bulk an-
ode compartment
Ag/AgCl cathode
Pt anode

radicactive
C5134

Ag/AgCl imbed-
ded in glass
wool

(1)

0.23%.03

0.36

+0.41

0.65

2.3

1.26

2200

Modified Hittorf
cell composed of
a piece of un-
glazed porcelain
Ag

Chemical anal-
yses of both
compartments

very poor
reproducibility

(33

AJNOs

0.72%,06

0.36

+0.36

0.65

2.3

1.2

3500

U tube with
ultra-fine
disc

Ag

volume change
in capillary
of cathode
compartment

(5)



Salt:
t,(exp):

t_(exp):

rz

o)
r_(R):
o
r.(A:
Temp.:
Cell design:

Electrodes:

Measurement:
Remarks:

References

+ r.z, :z z+

13
AgNOs

0.24% .05

0.36

+0.40

0.65

2,3

1.26

2259-275°

bubble cell

M

volwne change

no apparent temp,
effect

4

14
AgNOs

0.251%.014
0.36

+0.39

0.65

2.3

1.26

2320

modified hori-
zontal cell;

AgNOs/air con-
tact Uf discs

Ag

horizontal dis-
placement of
AgNOs in end of
capilla

garent y no
gticking* prob-
lem

(15)

15
AgNOs

0.781%t.006

0.36

+0.42

0.65

2.3

1.26

219°

2~compartment
cell with
medium disc

Ag

balance deter-

mination of change
in center of gravity

ssa of current
sgighgate-g:llture
effect

(25)

0.744%t.010

0.36
+0.38
0.65
2.3
1.26
281,59
sane as

#15

same as
#15

(25)



Salt:
t%(exp):

t_(exp;:

r+(g):
Temp.:

Cell design:
Electrodes:
Measuremant ¢
Renarks;

keferer.~ag:

0.23

+0.37

0.61

1.44

not
gilven

U tube with ultra-
fine disc;either
Na or KNOa catho-
lyte

Pt

aaalysis of catho-
lote for T

e lectrode
reeetons act con-
sicerad

vy

[

18
T1NOs

0.306%.007

6.23

0.61
2.3

1,44
2200

tube with ultra-
fine disc;tube
with fritted disc
dipping in anolyte
Pt

determination of
71204 which mi-
grates to catho-
lyte

19
NaNOg

0.75%0.10

0.67

+0.12

0.95

not
given

U tube with
ultra-fine
disc;KNO,
catholyte

analysis of
catholyte
for Na

electrode

reactions not

considered

113

20
KNOg

0.62%0.06

0.54

+0.08

1.33

not
given

U tube with
ultra-fine
disc;NaNOg
catholyte
Pt

analysis of
catholyte
for x

see #19

(13)



Salt:

ty(exp):

€. (exp):

oMM

Cell design:

Electrodes:

Measurement:

Remarks:

Reference:

21
Licl

0.25%,03

0.84

0.75

1.81

0.60

600°

quartz U

tube with
fused quartz
membrane

Pb cathode;

Pb or Ag anode
(same results)

analysis of c136
migration to an-

olyte

(9

22
NaCl

0.38%.04

0.59

+0.03

0.66

1.81

0.95

860°

same as
#21

same as
#21

same as
#21

(9)

23
NaCl

0.87%,06

0.59

+0.28

0.66

1l.81

0.95

850°

modified Hittorf cell
composed of vycor tube
packing with salt and
diatomacesus earth

Pt anode , graphite
cathode

chemical analysis of
both compartments

poor reproducihlity

(7>

0.38%.04

0.48

+0.14

0.58

1.8

1.33

830°

quartz U tube
with fused
quartz seabrane

Pb cathode;
Pb or Ag
anode

same as #21

(9)



*

Salt:
t+(exp):
t_(exp):

t MO /M VM

Temp.:

Cell désigm:
Electrodes:
Measurement:
Remarks:

Reference:

25
KCl

0.77t.08

0.48

+0.29

0.58

1.81

1.33

850°

same as
#23

same as
#23

same as
#23

same as
#23

(7

26

0.42% 04

0.29

+0.29

0.55

1.81

1.48

7859

same as

$24

sane as
#24

same as
#21

(9

27
CsCl

0.36%.04

0.21

+0.,43

0052

i.81

1.69

6850

same a8

#24

same as
$24

same as
#21

(M

28
AgCl

0.15%.03

0.25

+0.60

0.59

1.81

1.26

650°

U cell;
quartz ultra-
fine pores

Ag

migration of
radioactive
C1l”™ to anolyte

problem of "sticki-
ness' apparently not
severe with Pyrex

(10)

29
AgCl

0.19%.03

0.25

+0.56

0.59

1.81

1.26

9250

sane as
#28

#28

same &as
#28

same &8
#28

(10,



Salt:

t, (exp):
t_(exp):

t =M /MM 2

bt :

+

r z +

t,= 2
+ r_z_ﬁz_z+
0
r_(A):
(o}
r+(A).
Temp.:
Cell design:
Electrodest
Measurement:

Remarkas:

Reference:

30
AgCl

0.54% .07

0.25
+0.29
0.59
1.81
1.26
500°

tube with
fritted disc
dipping in
catholyte
carbon anode;
Ag cathode

weighing of
loss of weight
of anolyte
compartment
very poor re-
eroducibility;
stickiness"

(19)

31
T1C1

0.496%.004

0.15

+0,34

0.56

1.81

1.44

475°

Bubble cell

Tl

volune

change

very slight
random varia-
tion with

t erature
(2

32
T1Cl

0.492%. 001
0.15
+0.33
0.56
1.81
1.44
5050°
sameé as
#31

T1

same as

#31

same as
#31

(4)

33
T1C1

0.493

0.15

+0.33

0.56

l.81

1.44

5250

same as

#31

Tl

same as

#31

same as
#31

(4)



Salt:

t (exp):

t_(exp):

Cell design:

Electrodes:

Measurement:

Remarks:

References:

34
TiCl

0.410+2.82-

.10-4(t-430)

0.15

+0.26(at430°)

1.81

1.44

430-~-700°

Hittorf type
cell;middle com-
partment packed
with Alz0s

Tl

measurement of

vertical displace-

ment in capillary

long packing, rather
loose;temp. measured inside
packing; linear increase of
t* with temperature

(22) (21)

35
MgCle

0.52%.04

0.75

-0.27

0.85

1.81

0.65

730-920°

cell with
porous quartz
membrane

graphite

0136 migration

to anolyte;cell
split for analy-
sis

no temperature
effect

(12)

36
CaClp

0.58%.09

0.64

-0.22

0.79

1.81

0.99

780-1100°

same as
#35

same as
#35

same as
#35

slight linear
increase of t_
with temperature

(12)



Salt:

t+(exp):

t_(exp):

Temp.:

Cell design:

Electrodes:

Measurement:

Remarks:

References:

37
SrClg

0.45

-0.19

0.7

1.81

1.13

880-1165°

cell with
porous quartz
membrane

graphite

36

C1l™™ migration same as
to anolyte;cell #37
split for analy-

sis

no temperature same as

effect

(12)

38 39

BaCl, ZnClg
0.716-3.07°
.10-4(t-318)

0.77t.09

0.34 0.52

-0.11 +.20 (at 318°)

0.73 .83
1.81 1.81
1.35 0.74

960~1100° 318-700°

same as Hittorf type

#37 cell;middle com-
partment packed
with Alg0s

same as 2n

#37

measurement of
vartical dis-
placement in
capillary

same as #34 but
#37 t* increases lin-
early with temp.

(12) (21,22)

ZnCle

0.6%0.1

0.52
+0,.10
0.83

1.81

435-6730

Hittorf type cell
with one frit

when using Znss, anode:car-

bon rod, cathode:W at h
temp.,Hg at low temp;Cl-®:an-
odg:Zn drop;cath:W-high,Agdow
Zn®5 migration ggon anolyte
to catholyte;Cl-° migration
from catholyte to anolyte

very poor reprodncibility;
apparently tal ran ¥

+

th r\u\‘: 1

(24)



Salt:

t+(exp):

t_(exp):

Cell design:

Electrodes:

Measurement:

Remarks:

References:

41
CdClg

0.340%,007

0.39

+0.27

0.72

1.81

1.43

602-608°

horizontal

cell

cd

displacement of
electrolyte;Cd

interface in hori-~

zontal capillary

Murgulescu and Marta (18)

could not determine trans-

port no. of Cd*t in a bubble cell
due to dissolution of Cd in CdClg

(14)

42
PbCls

0.78%.03

0.26

-0.04

0.73

1.81

1.32

520-6800

cell with
asbestos
dise

analysis of
the two com-
partments

poor repro-
ducibility

(16)

43
PbClg

0.83

0.26

-0.09

0.73

l.81

1.32

550~5800

cell with
corundum
dust dia-
phragm

Pb

same as

#42

(17)

PbClg

0.758%.014

0.26

0.73

1.81

1.32

565°

bubble cell,
ultra-fine
disc or pxied

asbestos
Pb

volume chage
bubble dis-
placement

(1)



Salt:

t+(exp):

t_(exp):

= T z ¥2_z :

o]
r_(A): .

o]
r+(A):
Temp. :
Cell design:
Electrodes:
Measurement:

Remarks:

Reference:

45
PbCl,

0.757t.00e

0.26

-n02

0.73

1.81

1.32

635°

game as

Pb

same as

#44

t_: coarse disc = 0.366;
medium=0.669;fine =0.711
no apparent temp. effect,

some leakage
(2)

46 47
PbCl, PbClp
0.393¢,01 0.382t.01
0.26 0.26
+0,35 +0.36
0.73 0.73
1.81 1.81
1.32 1.32
527-5290 602-6080
horizontal same as
cell #46

Pb Pb
displacement of same as

electrolyte;Pb inter- §46
face in horizontal

capill
Pbpin gggtact with

same as §46
air:stickiness (see
Ref. 18)
(14) (14)



Salt:

t, (exp):
t_(exp):

t, =M /M e

ft,:

R S
+ r_z++z_z+

o
r_(R):

Cell design:

Electrodes:

Measurement:
Remarks:

Reference:

48
PbClg

0.24% .04

0.26

‘.02

0.73

1.81

1.32

5500

moving boundary cell,
U tube with frit and
capillary

carbon

measurement of displacement
in anolyte towards catholyte
of PbCly-ZnCly interface;
ZnCl, follows PDbCl,

(6)

49
PbCle

0.73t.03

0.26

+0.01

0.73

1.81

1.32

not given

bubble cell

Pb

volune change;
bubble displace-
ment

poor reproduci-
bility

(19)

50
PhBrg

0.92

0.44

0.75

1.95

1.32

4309

same as

#43

Pb

same as

$42

no indica-
tion of
reproduci-
bility
(17)



Salt

t, (exp):
t_(exp):
€=M /N +M_:

JE+:

2
t,=

r_(x):
o]
r+(A):
Temp.:
Cell design:

Electrodes:

Measurement:
Remarks:

Reference:

+ r_z++z_z

51
PbBI‘g

0.653%,013

-0.10

.75

1.95

1.32

500°

bubble cell

Pb

volume change;
bubble displace-

ment

(4)

52
PbBI‘g

0.674%.003

0.44

-0.12

0.75

1.95

1.32

6000

same as

#51

Pb

same as

#51

(4



10.
11.
12,
13.
14.
15.
16.
17.

18.
19.
20.
21.
22,
23.

24,
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TableVIII.Thermoelectric Properties

~ e

salt ° Sy -vé dppar 3 g Ref.
AgNOs 500 13.37 7.6 21.0 1,2,3
AgCl 800 16.43 9.3 26 3,4
AgBr 750 16.00 4 27 3,4
AgI 850 16.84 10 27 3,4
ZnClp 600 14.41 -6 8 5
SnC1 600 20.59 +1 22 5
caci 800 14.00 -10 24.2 6

Reference§

1. Sundheim and Rosenstreich (1959)
2. H. Holtan (1953) ; (1952)

3. Schneebaum (1962)

4. Markov (1956)

5. Poincard (1890)

6. Nichols and Langford



“able IV

Salt r, /v,
KCl 0.733
RbBr 0.76
CsCl 0.78

‘test of Correcponding Siailet liesiaw

™/ 1T (my*ro) Ty
1.12 3.14 3.3
1.06 3.43 3.27

1.04 3.85 3.44



Figure 1

ZRE
- e i o
W ;

7
53T 7

Schematic diagram of Hittorf transference number cell.

The cell contains a pair of electrodes with provisions
(not shown) for correcting for volume changes and a porous diaphragm
which represents the lumped frictional resistance of the entire cell.
The positive and negative ions stream in opposite directions between
the electrodes. An overall lateral shift is ordinarily observed

experimentalily.



Figure 2

Vvelocity profile of ions during electrolysis.

Each species has
zero velocity at

the wall and its own characteristic velocity in
rhe bulk. Each species therefore is in a state of shear through
a boundary layer, but the states of shear may be different.



Figure 3
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Schematic diagram of cell for determining the thermoelectric potential.



Figure 4
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Legend to Figure 4
Schematic diagrams of methods of determining viscosity

a. Measure velocity of cylinder for fixed torque
Rait and Hay (1938)

b. Measure torque on cylinder for fixed velocity of crucible
Bockris and Lowe (1953)

¢. Measure damping of oscillating bob
Lorenz and Hochberg (1916)

d. Measure damping of oscillating crucible
Barfield and Xitchener (1954)

e. Measure velocity through capillary under gravity
Bloom, Harrap and Heymann (1948)

f. Measure velocity of partially counterbalanced falling body

mackenzie (1956)
g. Measure flow throughcapillary under applied pressure
Spells (1936 )
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Refevences for FPigqure §

Bockris, Kitchener, Ignatiswi -z an¢ Tomlinson [1952)
Poincaré (1890)

Var. Artedaien and Jaffe (1155

Yosim 719362

Bronstein, Dworkin and Breiig 1362

Janz and McIntyre (1960 :
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Legend to Figure 6

Schematic diagrams of methods of detemining transference numbers

a. Measure velocity of bubble
Duke and Laity (1954)

b. Measure transfer of tracer
Duke and Cook (1958)

c. Measure piexelectric coefficient
Xellogg and Duby (1962)

d. Measure change in weight
Harrington and Sundheim (1957)

e. Measure translation of liquid metal electrodes
Bloom and Doull (1956)

f. Measure steady state level
Klemm (1961)

g. Measure change in weight
Xeliogg and Duby (1962)

h. Measure moving boundary
Duke and Cook (1958)
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Legend to Figure 7
Schematic diagrams of methods of measuring diffusion coefficients

a. Diffusion couple--measure final composition
Angell and Bockris (1958)

b. Open capillary--measure rate of appearance of A in B
Angell and Tomlinson {1961)

¢. Diaphragm diffusion--measure rate of appearance of B in A
Djordjevic and Hills (1960)

d. Chronopotentiometry--measure vdtage vs. time when current pulse
is gms/vol.

e. Electromigration--measure emf at steady state



Figure 8
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Legend to Figure 8
Schematic diagrams of methods of determining thermoelectric properties

a. Measure 4P/AT
Schneebaun and Sundheim (1960)

b. Measure AY/AT
¥lner and Sundheim (1963)

c. Measure f(d?/d'r) dX and/or J‘(d In c¢/dr) dX
Sauerwein and Sundheim (1963)
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